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Galway Bay, BB- Bantry Bay. The study area of Galway Bay is outlined in red (Adapted from Greenwood 
and Clark, 2009; Callard et al, 2018).  
 
Figure 1.2: GIA model derived RSL predictions for Galway Bay (Brooks et al, 2008; Bradley et al, 2008; 
Kucker et al, 2012), based on mean sea-level. All SLIP points from the Irish database for Galway Bay 
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Figure 2.1: Bathymetric map of Galway Bay, showing the modern-day rivers contributing to the 
freshwater input. The bay has been divided into 3 areas (inner, mid and outer) for ease in identification. 
The main inputs are shown in bold in the inner bay, from the Corrib, Clarinbridge and Dunkellin rivers. 
The general current direction in the bay is taken from the work of Booth (1975) and Ren et al (2015).  
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Figure 2.3: Map showing the extent of the BIIS across Ireland. The dashed line represents the boundary 
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(2017) and Brooks et al (2008). This demonstrates how SLIP’s are mainly available for the Late-
Holocene. 
 
Figure 3.1: Image showing the ranges of various instrumentation for the acquisition of geophysical data 
in shallow water (courtesy of F. Sacchetti, Marine Institute of Ireland). 
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Figure 5.22: A graph of core 02VC showing a core image, an x-ray image, a core log and MSCL 
measurements. 
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data is presented as a rolling average at a resolution of 5mm and the large black arrows next to the 
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Dunlop et al, 2010; Ó Cofaigh et al, 2012; Sacchetti et al, 2012; Peters et al, 2015, 2016). (B) Retreat of 
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Figure 7.3: Summary of the Younger Dryas terrestrial environmental conditions in (A) Europe, (B) Ireland 
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Summary 
Studies of past changes in the environment are essential to understand the speed and 
scale of modern-day climatic and environmental change. This research investigates the 
palaeoenvironmental changes throughout the last glacial and current interglacial 
period in Galway Bay, Western Ireland, using a multiproxy examination of geophysical 
data and twenty-two sediment cores. The methodologies used in this study include 
the interpretation of multibeam echo-sounder bathymetry and backscatter, altimetry, 
hydrological and seismic data, as well as the analysis and interpretation of the 
sediment cores’ physical properties, X-radiographs, grain size analysis, microfossil 
content, geochemical signatures (micro-XRF) and radiocarbon dates. These data 
together allow for an interpretation of the driving forces behind the observed patterns 
in the distribution of sediments at the seafloor and sub-surface from the last glacial 
maximum until present day. Such data also provide field data, which can be used to 
constrain sea level in the bay after 19 ka cal BP. This is particularly valuable as the only 
available sea-level reconstructions for the area are derived from glacio-isostatic 
adjustment (GIA) models.  
Seismic data cover the mid and outer bay and reveal three distinct seismic units, 
representing bedrock, glacial till and post-glacial marine sediments. The till unit, 
overlying the bedrock, shows evidence of a glaciofluvially cut channel along the 
northern portion of the bay, constraining the relative sea-level depth in the bay during 
deglaciation to 58m below modern-day levels. This lowstand is in broad agreement 
with a GIA predicted sea-level position at 15 ka cal BP. The overlying marine sediment 
unit, in which prograding clinoforms and infilling are visible, represents the sea-level 
transgression since 15 ka cal BP. Shoreline deposits (rounded pebbles in a silty sand 
matrix, found in four cores) were deposited in the mid and outer Bay between 12.6 ka 
cal BP and 8.8 ka cal BP. The identification of such submerged palaeo-shore line 
sediments in depths of 39-43m reveals a late glacial to early Holocene slowstand. This 
identified slowstand lasted 2500 years longer than predicted by GIA based predictions. 
Core data suggests that, due to this delayed subsequent transgression, GIA derived 
RSL level predictions were not reached until ~4000 years BP. As well as providing 
important information for RSL reconstructions, the sediments and foraminifera within 
  
allow the identification of palaeoenvironmental conditions over time and space. In 
general, the pre- and early Holocene period is characterised by high sediment input in 
warm, productive, estuarine conditions with 2 separate inlets in the bay leading to two 
distinct environments: (1) a high energy beach environment transitioning to low 
energy, transitional waters in the north, and (2) a low energy, anoxic subtidal 
environment in the south. The mid Holocene period is characterised by the opening up 
of the bay and the presence of the gastropod Turritella sp. across the entire area. This 
represents a medium energy, warm, productive, environment in transitional waters. 
The late Holocene is typified by the disappearance of Turritella sp. and a transition to 
marine conditions. This represents a deepening, productive and high energy 
environment with warm and wet climatic conditions in the region. Interestingly 
though, global and regional climatic events such as the Younger Dryas, the 8.2 ka and 
4.2 ka event have left no significant imprint on the sedimentary record. Overall, the 
data acquired from Galway Bay documents constant relative sea-level transgression, 
with a trend towards a wetter and marine- influenced environment after the initial 
deglaciation. The more recent Late Holocene sediments and current seabed 
topography record the influence of tidal currents, storm events and wave action, 
characteristic of the western Irish coastline.  
Results from this research can help validate both climate and sea-level models for the 
region, which in turn provide predictions for future environmental developments. 
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Chapter 1: Introduction 
1.1 Introduction and Rationale 
The modern world is experiencing environmental changes that are occurring at a 
previously unseen rate (IPCC, Summary for Policymakers, 2013). These changes are 
polarising environmental processes across the globe, often leading to more extreme 
conditions. The marine environment is particularly affected, with changes in 
temperature, salinity, circulation, intensity and frequency of storm events and relative 
sea-level, as well as the knock-on effect on marine species, their ecosystems and 
biodiversity (Carter, 1982; Woolf et al., 2002; Hassol, 2004; Rignot et al, 2011; 
Emmerson and Lahn, 2012; IPCC, 2013; Marzeion et al, 2014; Radic et al, 2014). This is 
particularly significant for coastal regions, as they are affected by both marine and 
terrestrial processes. In order to understand and gauge the changes occurring in the 
climate and environment today, we need to investigate their effect over a prolonged 
period of time. This is where the study of palaeoenvironments, becomes crucial. 
The investigation of palaeoenvironmental archives, where environmental changes are 
recorded over large time periods, can provide analogues to many of the modern 
changing conditions, and help us predict likely future outcomes.  
Numerical modelling of future climate in Ireland began with the creation of the 
Regional Climate Model C41 by Met Éireann (McGrath et al, 2005). However, the C41 
model uses only historical data as far back as 1961 to validate its results (McGrath et 
al, 2005). In order to produce a more robust dataset and reduce uncertainties, 
palaeoenvironmental research can be used to elucidate patterns on longer timescales, 
something that cannot be observed over shorter modern instrumental records 
(Henderson et al, 2009). Relative sea-level (RSL) changes, which are a major concern in 
many low-lying areas can also be modelled to provide predictions on possible changes. 
In order to validate these models and implement relevant policies and management 
strategies (Mahony, 2015), records of past environments need to be studied in detail 
to provide ground-truth data.  
Across Western Ireland, there is extensive variability in the data for both deglacial and 
postglacial, environmental and sea-level conditions (Edwards et al, 2017). This means 
that, in order to successfully reconstruct these conditions, local scale studies need to 
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be carried out. The study of Galway Bay, presented in this thesis, provides such a 
record of change in a marine environment.  
The bay has been heavily influenced by both modern hydrological processes and by 
the glacial processes that occurred when Ireland was coved by the British-Irish Ice 
Sheet (BIIS) during the last glacial maximum, between 26 and 19 ka cal BP (Clark et al, 
2009) (Fig. 1.1).   
 
 
Figure 1.1: Extent of the BIIS across Ireland and offshore to the shelf edge, showing the flow lines of 
major ice streams and the position of the Donegal Barra Fan. Locations in the map include: OH-Outer 
Hebrides, KB-Kilda Basin, S-Skye, NC-North Channel, DBF-Donegal Barra Fan, DB- Donegal Bay, GB-
Galway Bay, BB- Bantry Bay. The study area of Galway Bay is outlined in red (Adapted from Greenwood 
and Clark, 2009; Callard et al, 2018).  
 
The deglaciation of this ice sheet was punctuated by shorter periods of readvance and 
relatively rapid retreat at its western margin over Ireland (Peters et al., 2016; 
Ballantyne and Ó Cofaigh, 2017; Barth et al., 2018; Callard et al, 2018). It exerted a 
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major influence on the environment with the transition from an ice margin grounded 
at the shelf edge (ca. 24 ka BP), retreating to a terrestrial position and finally with a 
localised presence as glacier cirques, before the final disappearance of all glacial ice in 
Ireland (ca. 15 ka BP) (Ballantyne and Ó Cofaigh, 2017). The signature of these glacial 
and deglacial processes have left a lasting impact on the landscape surrounding 
Galway bay, with evidence of meltwater channels, eskers, drumlins amongst other 
glacial landforms (Max et al, 1983; Williams et al, 1988; GSI, 2013). Global and local 
changes in ice sheet extent and ensuing isostatic changes also had a profound effect 
on relative sea level around Ireland.  
Glacio-Isostatic Adjustment (GIA) models coupled with global sea-level change 
reconstruction curves provide RSL curves for the west of Ireland for the period after 20 
ka cal BP (Brooks et al, 2008; Bradley et al, 2011; Kuchar et al, 2012). However, climate 
models have inherent uncertainties, due to the number of variables related to the 
initial environmental conditions and model parameters used (Semenov and 
Stratonovitch, 2010). By comparing model outputs against palaeo-data, the robustness 
of numerical models can be tested and validated. The palaeo-data used to validate the 
GIA models in Ireland have been sub-divided into four classes of data (Brooks and 
Edwards, 2006):  
1. Primary index points - the best data for sea-level estimations providing 
information on location, age, altitude and indicative meaning. The sample and 
depositional environment is quantified and has age and altitude error 
estimates.  
2. Secondary index points – similar to previous, but with variables unquantified or 
with significant uncertainty.  
3. Limiting data type 1 – data where it is possible only to infer sea-level as above 
or below the sample.  
4. Limiting data type 2 – data where it is possible only to infer sea-level as above 
or below the sample but whose source environment is unclear or contested.  
As the palaeo-records in the west of Ireland are composed primarily of limiting data, 
with no data at all available for the period 9 – 13ka BP (Edwards et al, 2017), it is very 
difficult to validate such models. Therefore, in order to fill the gaps in our knowledge 
of paleo-environmental change in the region and to improve the shortcomings in the 
Chapter 1                                                                                                                   Introduction 
 
4 
 
current GIA and climatic models, further investigation of the post-glacial and Holocene 
environment in the west of Ireland is needed.  
The three GIA model derived RSL curves for Galway Bay, which provide RSL estimates 
since the beginning of deglaciation at 20 ka cal BP (Brooks et al, 2008; Bradley et al, 
2011; Kuchar et al, 2012), give significantly differing predictions for relative sea-level 
for much of the deglacial and early Holocene periods (Fig. 1.2), something which will 
be discussed in greater detail in Chapter 2. In order to help constrain sea-level in this 
area, this study will focus on providing information on the palaeoenvironment of 
Galway Bay. 
 
 
Figure 1.2: GIA model-derived RSL predictions for Galway Bay (Brooks et al, 2008; Bradley et al, 2008; 
Kucker et al, 2012), based on mean sea-level. All SLIP points from the Irish database for Galway Bay 
have been plotted in black. These are all terrestrial limiting points. 
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This coastal and shallow marine research is important, not only for Ireland, but also in 
a wider context.  As coastal sites, particularly in the west of Ireland, are strongly 
influenced by changes in the marine as well as the terrestrial environment, changes in 
Galway Bay can be used to understand the wider forcing mechanisms of climate 
change and its impact on the North Atlantic Ocean.  
 
1.2 Research Gap 
While previous research has been carried out in Galway Bay, these studies have either 
been confined to a small area of the bay or have utilized only limited proxies for data 
analysis.  
The most recent work of Novak (2017) used a wide range of analyses, including 
sedimentological, geochemical and microfossil data on sediment cores; however, only 
four cores were taken, all from the very inner bay and the mouth of the Corrib River 
(Fig. 1.3). In the early Holocene, Novak (2017) reports a marine intrusion into the 
modern-day Corrib estuary at 10.2 ka cal BP, evidence of a signature of the 8.2 ka 
climatic event and limiting data on the position of sea-level. However, this research 
covered only the early and very late Holocene, with a large hiatus in the data during 
the mid- and most of the late Holocene due to a lack of sediments of this age. 
The work of Clarke (2013) used seismic data from across the bay, including sparker, 
chirp and pinger. Due to time and resource constraints, only a reduced number of 
seismic lines, mainly those from the inner bay and North Sound, were analysed in 
detail, and no ground-truthing was carried out. Clarke (2013) identifies 3 seismic units 
in the bay, corresponding to both the glacial and post glacial periods. A migrating, 
possible palaeo-Corrib, channel system was also identified in the inner bay.  
Wood (2010) used sedimentological and microfossil analysis from 8 sediment cores in 
the bay (Fig. 1.3) and 1 core at 113m bsl, ~75km offshore of the Aran Islands. Many of 
the results, centred on the inner bay and North Sound, were found to have 
chronological inconsistencies and extensive reworking or coring disturbance are 
interpreted to have occurred in portions of the cores. Like Novak’s cores, a hiatus 
during the mid and late-Holocene is apparent in the sediment record analysed from 
this study. The core taken from the offshore area, west of the Aran Islands, covers a 
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period of ~16ka years, but Wood et al (2017) note that either the past 9000 years are 
condensed into 55cm at the core top, or there is sediment missing altogether. 
 
Figure 1.3: Map of Galway Bay, with Novak’s (2017) sediment cores represented by the pink points and 
Woods’ (2010) sediment cores represented by the green points. 
 
Other studies around Galway Bay have found evidence of terrestrial material close to 
the present-day shoreline, thus providing information on past relative sea-level 
positions. Tree stumps of oak and pine, two species that prefer drier conditions and 
which were likely located above the high tide range, were found near An Spidéal, 
dated between 7435 and 5253 cal BP, and provide limiting data on the sea-level 
position (Williams and Doyle, 2014).  Red deer antlers and horse remains were found 
in the intertidal zone near Rusheen Bay and may represent a midden deposit (O’Carra 
et al, 2014), which would be suggestive of a nearby settlement, around 1500 years 
ago, suggesting relative sea-level was below this point. 
In the wider region of Ireland, palaeoenvironmental records from lacustrine, 
speleothem, peatland and marine sources are abundant, but only a limited number of 
these include the post glacial and early Holocene period (McDermott et al, 1999, 2001; 
Diefendorf et al, 2006; McKeown, 2013; Ghilardi and O’Connell, 2013; Schettler et al, 
2006; Holmes et al, 2016). The Holocene records from Ireland suggest a high level of 
variability, with local factors as primary climatic drivers in many cases. Major climatic 
trends are nonetheless recognised. The Holocene Thermal Maximum (HTM) appears 
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to have occurred during the early Holocene in Ireland (10.8 – 9 ka cal BP), much earlier 
than in many other areas of Europe (Diefendorf et al, 2005, 2006; Holmes et al, 2007; 
Wanner et al, 2008; Bartlein et al, 2011; Renssen et al, 2012; Ghilardi and O’Connell, 
2013; McKeown, 2013). A trend towards wetter conditions in the mid and late 
Holocene is also evident (Dodson, 1990; McDermott et al, 2001; Diefendorf et al, 
2006; Holmes et al, 2010; Murnaghan et al, 2012; Ghilardi and O’Connell, 2013). Other 
major climatic events, such as the 8.2 ka event, the 5.2 ka event and the 4.2 ka event 
are not visible in many records, and in many cases where they do appear (Diedendorf 
et al, 2006; Williams and Doyle, 2014), there are chronological inconsistencies in 
different areas. Many of these events appear to have been prolonged climatic trends 
rather than the abrupt changes seen globally. 
In Ireland, there is a lack of deglacial and early Holocene information and there is vast 
variability in the mid and late Holocene terrestrial records. In Galway Bay too, there is 
a lack of deglacial, mid and late Holocene information and, where it is available, there 
are chronological errors associated with the deposits. There is currently no coherent 
bay-wide reconstruction of past environments. In order to address these gaps, a 
multifaceted approach is needed together with a dataset spread more widely across 
the bay. Therefore, this research will use the entire geophysical dataset available for 
the bay collected by the INFOMAR programme (INtegrated mapping FOr the 
sustainable development of Ireland’s MArine Resources) which includes altimetry, 
multibeam-echosounder bathymetric and backscatter data, ground-truthing and 
pinger data, together with sediment cores recovered during R.V. Celtic Voyager cruise 
CE13031 (led by Ulster University) and hydrodynamic models developed for the bay by 
the Marine Institute of Ireland to provide such a reconstruction. 
 
 
1.3 Research aim and objectives 
The overall aim of this thesis is to reconstruct environmental and relative sea-level 
changes in Galway Bay from the last glacial period to present day by addressing the 
following research objectives: 
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• Mapping of present-day geomorphology of the coastline and seafloor of 
Galway Bay to determine which modern and/or glacial processes have shaped 
the submarine landscape of the bay. 
• To build a seismic stratigraphy for Galway Bay through the identification of 
acoustic units using 3.5 kHz subsurface pinger geophysical data.  
• To build a core stratigraphic chronology for Galway Bay through the 
identification and interpretation of the sedimentary processes, aided by 
multiple proxies such as x-radiographs, sedimentological, geochemical, 
microfossil analyses and radiocarbon dating. 
• To reconstruct palaeoenvironmental conditions over the timespan covered by 
the abovementioned proxies and to examine the effects of global climate 
change in this region. In particular, abrupt climatic and oceanographic 
“events”, such as the Younger Dryas, the ‘8.2Ka’ event, and meltwater pulses 
1A, 1B and 1C and how, or if, they affected Galway Bay. 
• To produce a new relative sea-level reconstruction for the bay and compare it 
with the current Irish glacial isostatic adjustment (GIA) model reconstructions. 
This will help to refine post glacial sea-level reconstructions to be used for 
modelling of past and future coastal changes. 
 
1.4 Thesis Structure 
This PhD comprises 8 chapters, which address the PhD objectives. The outline of these 
chapters follows a traditional structure with the exception of chapter 4 which is a 
stand-alone research paper. Chapter 2 will discuss the study area and background. The 
geography of Galway Bay, its position in relation to the wider Irish shelf and its glacial 
and Holocene history, as well as the environmental history of relevant surrounding 
regions is presented. The drivers of climatic and sea-level changes and the wider global 
trends will be discussed, focusing in particular on studies that have used the various 
proxies that were used in this research. Chapter 3 contains a detailed description of 
the techniques used in this study, concentrating on geophysical data analysis, 
sedimentological, geochemical and microfossil analysis and their various benefits and 
drawbacks. Chapter 4 is a research paper titled: Coastline and inshore geomorphology 
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of Galway Bay, Western Ireland. It presents a present-day geomorphology map for 
Galway Bay, using satellite images, multibeam and altimetry data as well as ground 
truthed sediment samples. The results include a map detailing the submarine 
landforms, sediment substrate distribution and coastline classification. The map is 
used to explain the modern processes at work in the bay and better enables us to 
follow its evolution. It will be submitted for review in the Journal of Maps with co-
authors. While the co-authors’ support has been invaluable in editorial feedback and 
analytical work, all writing and geomorphological analysis for the completion of this 
thesis was carried out solely by the author. As this chapter is also a stand-alone paper 
there will be some overlap in the details of the study area and in the methods used 
(chapters 2 and 3 respectively). Chapter 5 presents the results, where all of the 
geophysical, sedimentological, geochemical and chronological data, including 18 
radiocarbon dates, are brought together and the numerous datasets are presented 
and described. In Chapter 6 all the data available is interpreted to form a chronological 
reconstruction of the environmental changes within the bay, from the base of the 
seismic record, to the present-day geomorphology and sediment distribution. It 
evaluates how various processes denote particular environments, possible scenarios of 
how these environments were shaped and how they fit into the overall evolution of 
the bay. Chapter 7 discusses how the bay has evolved over time and how this fits into 
the wider, regional and global environmental changes occurring in the same period. In 
particular this chapter discusses relative sea-level changes and how the data from this 
research fit into sea-level reconstructions already available for the bay and the global 
trends of sea-level change. Chapter 8, the conclusion, provides a summary of the 
major findings of the research and makes suggestions for future work. 
  
Chapter 2                                                                                         Study area and Background 
11 
 
Chapter 2: Study area and Background 
This chapter outlines the key characteristics of the study area. An overview of regional 
environmental change since the last glacial period is provided, with a focus on the 
global drivers of change and relative sea-level variations. Lastly, relevant proxies used 
for palaeoenvironmental reconstructions are presented. 
 
2.1 Study Area 
2.1.1 Geomorphology and hydrology 
Galway Bay is a large (62km long, 32km wide), semi-enclosed marine embayment on 
the west coast of Ireland, between 53°02’N and 53°14’N and 09°00’W and 09°27’W. It 
is bordered by counties Galway and Clare to the north and south, respectively (Fig. 
2.1). The bay has a gradually westward sloping bathymetric relief and water depths 
extend to ~70m below sea-level (bsl) in the north-west. It is a high energy, storm-
dominated system with strong semi-diurnal tides and a mean spring tidal range of 
>4.5m (Booth, 1975; Marine Institute, 2017). Hydrodynamic models show current 
speeds between the Aran Islands above 45 cm/s in the ebbing spring tide, while wave 
models, based on wind speeds taken from the Mace Head atmospheric research 
station, show winter wave heights above 250 cm in the north and south sounds and 
mid-bay areas (Joshi et al., 2017). The primary inflow of Atlantic water into Galway Bay 
is through the South Sound, with tidal ranges reaching up to ~5m (Booth, 1975), and 
outflow through the North Sound, creating a counter clockwise gyre (Harte et al, 1982; 
Lei, 1995) (Fig. 2.1). 
The primary freshwater source at the head of the bay is the river Corrib, a short but 
powerful river, with volumetric flow rates exceeding mean 311 m3/s almost every year 
since 1960 (OPW, 2012). Other freshwater inputs to the bay include submarine 
groundwater drainage streams along the northern shore at Spiddal, Barna and in the 
southeast at Kinvara Bay, the Oranmore, Clarinbridge and Dunkellin rivers to the east 
and Caher river to the south of the bay (Cave and Henry, 2011; Smith and Cave, 2012) 
(Fig. 2.1).  
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Figure 2.1: Bathymetric map of Galway Bay, showing the modern-day rivers contributing to the 
freshwater input. The bay has been divided into 3 areas (inner, mid and outer) for ease in identification. 
The main inputs are shown in bold in the inner bay, from the Corrib, Clarinbridge and Dunkellin rivers. 
The dominant current direction in the bay is taken from the work of Booth (1975) and Ren et al (2015).  
 
The modern landscape of Galway Bay, as well as the surrounding region, was 
influenced by ice flow and retreat during Quaternary glaciations as it provided an 
important conduit for ice extension on to the shelf (Bowen et al, 2002; Sejrup et al, 
2005; Stoker and Bradwell, 2005; Greenwood, 2008; Chiverrell and Thomas, 2010; 
Clark et al, 2012; Peters et al, 2015; Ballantyne and Ó Cofaigh, 2017; McCarron et al, 
2018). Common glaciogenic landforms (Fig. 2.2) such as drumlins, meltwater channels, 
striae, streamlined bedrock and erratics (Kinahan, 1869; Kinahan et al, 1871; Cole et al, 
1914; Greenwood and Clark, 2008; Fealy et al, 2009; GSI, 2013; Meehan, 2013), are 
present around the coastline of the bay and in the surrounding regions of counties 
Galway and Clare. 
The combination of modern and past glacial, hydrological and sedimentological 
processes resulted in a variable littoral and submarine environment displaying a wide 
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range of habitats, including vegetated shingle, coastal lagoons, mud and sand flats, 
reefs and salt marsh, many of which are protected areas, with biological and ecological 
significance (Curtis and Sheehy Skeffington, 1998; NPWS, 2013).  
Because of the importance of the regional glacial and postglacial history on the 
landscape of the bay, Section 2.2 will discuss this in more detail. 
 
2.1.2 Geology 
There are two predominant bedrock lithologies in this region (Fig. 2.2). Along the low 
lying, northern coastline of the bay, the bedrock is composed predominantly of 
granite, while the rest of the bay, including the Aran Islands, is composed of limestone.  
 
Figure 2.2: Map of Galway Bay showing the bedrock geology, divided by a, east-west fault line that runs 
through the bay, and some of the dominant features in the surrounding landscape (Adapted from Max 
et al, 1983; Williams et al, 1988; Clarke, 2013; GSI, 2013, 2016; INFOMAR, 2013).  
 
 
The limestone was primarily formed during the Viséan stage of the Carboniferous age, 
~345-326 million years ago (Pracht et al, 2004; Gallagher et al, 2006; McNamara and 
Hennessy, 2010), and provides a nearly continuous record of carbonate deposition 
over this period (Pracht et al, 2015). The granite in the north of the bay was formed 
during the Caledonian orogeny in the Devonian period, ~400 million years ago (Doyle, 
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1988; Leake, 1989, 2006; Feely et al, 2003; Pracht et al, 2004) and intruded into the 
pre-existing Metagabbro-Gneiss Suite of the region (Baxter et al, 2005). Small amounts 
of Ordovician metagabbro and orthogneiss intrusions define the geology around the 
area of Galway city while Ordovician volcanics are found near Lettermullan in the 
extreme northwest of the bay (Leake, 1989).The Galway Granite is cut by the Barna 
and Shannawona Faults (Fig. 2.2), which divide it from the Metagabbro to the east and 
the Volcanics to the west, respectively (Baxter et al, 2005; Callaghan, 2005). The rest of 
the bay is split by an east-west oriented fault line, known as the Galway Bay Fault, 
which runs through the entire northern region of the bay (Gatley et al, 2005; Philcox 
and Lees, 2006; Lees and Feely, 2016), and forms a clear divide between the northern 
granite, volcanics and metagabbro from the surrounding limestone. The Galway Bay 
Fault runs through the North Sound, the deepest region of the bay, and as it 
represents the limit of various types of geology, erosion in this area is likely to be more 
significant.  The bedrock of the bay was then further shaped by denudation processes 
from Quaternary glaciations, which produced the current low elevation and subdued 
relief. This occurred before the last glacial period (Simms, 2005). 
 
2.2 Glacial history of the region 
The Quaternary period is characterised by multiple large-scale glaciations (i.e glacials), 
punctuated by climatic warm periods, (i.e interglacials). These periods are driven by 
orbital forcing, which controls levels of solar insolation on Earth, at different periodic 
occurrences, ranging from 100,000 to 23,000 years (Milankovitch, 1941; Berger and 
Loutre, 1991). Within the last glacial cycle shorter periodic occurrences, known as 
Dansgaard-Oeschger (D-O) events are also visible. These shorter cycles occur in 1,000-
2,000-year intervals (Bond et al, 1999) leading to abrupt temperature increases, 
followed by prolonged cooling (Dansgaard et al, 1993). While their underlying cause is 
still poorly understood, it is believed that solar forcing and the dynamics of ocean-
atmospheric systems play a part (Bond et al, 1999). A D-O event is recognised during 
the height of the Last Glacial Maximum (LGM) (~26 – 19 ka BP) (Clark et al, 2009), 
which refers to the global glacial maximum, where much of Eurasia was covered by 
massive ice sheets that coalesced to form the Eurasian ice sheet complex (EISC) 
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(Svendsen et al, 2004). The BIIS represents the maximum western extent, to the shelf 
edge off western Ireland, of the ice in Europe (Peters et al, 2015).  
In Ireland, much of the older underlying sediments have been eroded during the last 
glacial period, with only a handful of pre-LGM deposits found on the island (McCabe, 
1987; Coxon et al, 2017). The main intact sequences include the sites near Gort, Co. 
Galway; Baggotstown, Co. Limerick and Cork Harbour, Co. Cork (Dowling and Coxon, 
2001; Jessen et al, 1959; Watts, 1964, 1985; Coxon et al, 1996; Dowling et al, 1998; 
Coxon and Dowling, 2015), where interglacial sediments have been found under till 
deposits.  
In Galway Bay, the lack of any sedimentary units underlying the till deposits (Clarke, 
2013), suggests that all pre-LGM sediment was removed through glacial action. As the 
current landscape of Galway Bay is inferred to have been mostly shaped during the 
last glacial cycle and ensuing interglacial period, the next sections summarise in more 
detail the Late Quaternary and Holocene history for this region. 
 
2.2.1 The Last Glacial Maximum 
During the late Midlandian (~25 – 11 ka cal BP) ice sheets covered much of Europe. 
The British-Irish ice sheet (BIIS), which covered most of UK and Ireland has been 
studied extensively (Hull, 1878; Lewis, 1877, 1894; Charlesworth, 1928; Wright, 1914; 
Synge and Stephens, 1960; McCabe, 1987; Bowen et al, 2002; Knight et al, 2004; 
Sejrup et al, 2005; Clark et al, 2009; Greenwood and Clark, 2009; Benetti et al, 2010; C. 
Clark et al. 2012; J. Clark et al, 2012; Ballantyne and Stone, 2015; Peters et al, 2015, 
2016; Ballantyne and Ó Cofaigh, 2017; Callard et al, 2018). In recent years, research 
into the history of the BIIS has increased significantly due to the fact that it can provide 
an analogue for modern ice sheets as any data on the rate and style of retreat can 
feed into current glaciological models for the investigation of modern ice sheets under 
changing climate (Clark et al, 2012).  
Some of the earliest work by Wright (1914) and Charlesworth (1928), who carried out 
a morphological and sedimentological analysis of the Irish landscape, suggested that 
the southernmost extent of a former ice sheet was at the ‘Southern Ireland End 
Moraine’ (SIEM), which stretches from the Shannon in the south-west to Wicklow in 
the south-east, with ice free areas in the west (Fig. 2.3). This reconstruction implied 
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that much of Southern Ireland was ice-free during the LGM (26 -19 ka BP).  South of 
the SIEM, glaciogenic deposits were considered to have been deposited by an earlier 
glaciation (Bowen et al, 1986; McCabe, 1999). In the past 2 decades however, 
contradictory evidence regarding the SIEM as the limit of glacial ice in Ireland has 
come to light. Bowen (1973) and Warren (1979b) argue that Wright’s (1914) 
separation of glaciogenic drift deposits into ‘younger’ and ‘older’ deposits is not 
stratigraphically conclusive, with no sedimentological basis for the distinction 
(Greenwood, 2008).   
The current accepted view is that the whole of the island of Ireland was covered by ice 
during the LGM and that the SIEM represents a recessional standstill (McCabe and Ó 
Cofaigh, 1995; Ó Cofaigh et al, 2007).  The model of LGM ice cover by Clark et al 
(2017), based on high resolution bathymetric and seismic data combined with the 
literature of groundtruthed sediments and onshore dates appears to best represent 
the limits of the ice margin during the LGM, which extend westwards as far as the shelf 
edge and southwards across the Celtic Sea (Fig. 2.3).  
This model is now supported by numerous studies carried out both on land and 
offshore. In the Wicklow Mountains, evidence of glacial erosion up to 725m suggest 
that the ice extended to at least this altitude and erratic distribution patterns show 
that an ice dome existed during the LGM, feeding the paleo-ice stream moving 
southwards to the Celtic Sea (Ballantyne et al, 2006). In the north-west of Ireland, the 
mountains in counties Donegal and Mayo show evidence of glacial erosion at altitudes 
of 500-600m and on the Peninsula of Achill Island at up to 400m (Ballantyne et al, 
2008) (Fig. 2.3). In western Ireland the minimum upper limit of glacial erosion in the 
mountains of county Mayo are at an altitude of 700m. Cosmogenic nuclide dates 
confirm that this glacial erosion occurred during the LGM (Ballantyne et al, 2008). The 
patterns of glacial features in these areas suggests that there were multiple 
independent ice domes feeding the ice sheet across Ireland (Ballantyne and Ó Cofaigh, 
2017). 
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Figure 2.3: Map showing the extent of the BIIS across Ireland. The dashed line represents the boundary 
of the earlier work that indicated the SIEM as the limit of the ice sheet (Bowen et al, 2002), while the 
solid black line represents the maximum extent of the ice sheet based on the most recent research 
(Clark et al., 2017). The red points represent the sites in Table 2.1, where the movement of the ice sheet 
has been chronologically constrained, following the LGM. 
 
The extent of the BIIS beyond the coastline has been less extensively studied than the 
terrestrial portion. However, with the terrestrial data suggesting an offshore extension 
onto the continental shelf, more research has been carried out in recent years in the 
marine environment. On the north-western and western Irish shelf, detailed mapping 
of the glacial landforms shows moraine complexes at to the shelf break (Benetti et al, 
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2010; Dunlop et al, 2010; Clark et al, 2012; Ó Cofaigh et al, 2012) (Fig. 2.4). 
Streamlined subglacial bedforms indicate a north-west and westerly ice flow from 
Donegal, while the NW-SE alignment of moraines and grounding-zone wedges on the 
Malin shelf suggest that the ice was flowing from western Scotland and merging with 
the ice sheet flowing from Ireland (Dunlop et al., 2010; Callard et al., 2018). Nested, 
arcuate moraines orientated in a NE-SW direction offshore of Donegal Bay, provide 
evidence of the ice extending from Counties Donegal and Sligo as far as the northern 
Porcupine Bank (Benetti et al., 2010; Fig. 2.4). More spatially constrained extensions of 
ice onto the shelf are indicated by the presence of morainic ridges in the inner 
continental shelf offshore Clew Bay and Killary Harbour (Peters et al., 2015). To the 
south west, the Galway Lobe Moraine represents a major still-stand for BIIS extension 
offshore of County Galway. However, the identification of ice-contact landforms on 
the northern Porcupine Bank and Slyne Trough pushes the maximum limit of the BIIS 
extension further westwards by 80km (Peters et al., 2015, 2016). In the south, 
sedimentological evidence shows that the BIIS extended southwards across the Celtic 
Sea, to the Irish/UK continental shelf edge (Praeg et al, 2015; Lockhart et al, 2018).  
The general agreement in the literature is that the maximum extent of the BIIS 
occurred before ~24 ka BP, after which ice sheet retreat occurred (Scourse et al, 2009; 
Chiverrell et al, 2013; Purcell, 2014; Peters et al, 2015). 
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Figure 2.4: Map of the glacial geomorphology of the BIIS. Compiled from a review of the published 
academic literature and Irish and British Geology survey mapping, at the University of Sheffield as part 
of the BRITICE-CHRONO project (Clark et al, 2017). 
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2.2.2 Retreat of the BIIS 
The timing of the initiation of ice sheet retreat from the shelf break is constrained to 
27-24 ka cal BP (Peters et al., 2016; Callard et al., 2018; Lockart et al, 2018; Ó Cofaigh 
et al, 2019). However, due to the highly dynamic nature of the ice sheet, evidence of 
periods of stillstand and re-advance are abundant (Table 2.1). In the south, major and 
rapid deglaciation of the Celtic Sea was underway by 23 ka cal BP when the Irish Sea 
ice stream (ISIS), a fast-flowing stream of grounded ice in the Irish Sea basin, had 
started to recede. This coincided with a period of warming during Greenland 
Interstadial 2 (Johnson et al, 1992; Stokes and Clark, 2001; Scourse et al, 2009; Praeg 
et al, 2015; Ó Cofaigh et al, 2012; Chiverrell et al, 2013; Ballantyne and Ó Cofaigh, 
2017). The rest of offshore Ireland experienced a slower, stepped glacial retreat that 
likely occurred over several millennia, as evidenced by the presence of recessional 
moraines (Benetti et al., 2010; Dunlop et al, 2010; Peters et al, 2015). In the north-
west, the BIIS became lobate with separation in well-defined Scottish and Irish ice 
domes (Benetti et al., 2010; Dunlop et al, 2010). Ice had retreated to the coastline of 
Scotland by 20 ka cal BP (Small et al., 2017) and the north-western Irish coast by ~18 
ka cal BP (Ó Cofaigh et al, 2019). In the west, Peters et al (2016) suggest that the first 
stage of retreat was <21.9 ka cal BP, caused by thinning and uncoupling of the ice 
sheet followed by the transformation into lobes. The central lobe then retreated to 
the Galway lobe grounding zone wedge (GLGZW), where a stillstand occurred for a 
period of ~3,300 years. By 19 ka cal BP, ice had retreated to the coastal fringes of 
Ireland and disappeared from some areas in the south of the island entirely (Hughes et 
al, 2011; Clark et al, 2012). This may have been accelerated by rising sea-levels and 
meltwater pulse 1A0. Meltwater pulses are caused by the catastrophic collapse of ice 
sheets that drain into the oceans causing rapid global eustatic sea-level rise (Fairbanks, 
1989; Bard et al, 2010; Deschamps et al, 2012). At 19ka cal BP the influx of glacial 
meltwater in to the global oceans caused substantial sea-level increase (10-15m) 
(Clark et al, 2004; Carlson and Clark, 2012). The lobate behaviour of the ice sheet 
meant that smaller, regional re-advances occurred during deglaciation. In western 
Ireland, Peters et al (2016) found evidence of moraines representing a re-advance at 
<18.5ka BP and at ~15-14.5ka BP onto the shelf. In the north-west, a re-advance 
seemed to have occurred from the Ox mountains in Co. Sligo through Killala Bay and 
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Donegal Bay at <17.6ka BP (Greenwood and Clark, 2009; J. Clark et al, 2009; Schiele et 
al, 2017). In northern Ireland, in Co. Donegal, a re-advance into Trawbreaga Bay 
between 18-17ka cal BP (McCabe and Clark, 2003) is believed to be part of the same 
re-advance taking place at 17.5ka cal BP, further east in counties Derry and Antrim 
recorded by the Armoy moraine (Knight, 2004). In the north-east of Ireland, two 
significant re-advances into Dundalk Bay have been time constrained: the Clogher 
Head (Co. Louth) re-advance and the Killard Point (Co. Down) re-advance. At Clogher 
Head, the ice sheet re-advance has a maximum age between 18.3 and 17.3 ka cal BP 
while the Killard Point re-advance has a maximum age between 17.1 and 15.2 ka cal 
BP (McCabe and Haynes, 1996; Lowe and Walker, 1997; McCabe and Clark, 1998; 
McCabe et al, 1998; McCabe et al, 2007b). While it is accepted that a re-advance 
known as the east Antrim coastal re-advance (EACR) occurred, the timing of this re-
advance is contested. McCabe and Williams (2012) correlate the EACR to other areas 
in both Scotland and Ireland, thus constraining the re-advance from 15.5-15 ka cal BP. 
Finlayson et al (2014), however, suggest that the EACR occurred due to rapid wasting 
of Irish terrestrial ice allowing the advance of Scottish ice at ~16.5 ka cal BP.  
Rapidly rising global temperatures c.15 ka cal BP (Watson et al, 2010), marked the 
beginning of the Woodgrange interstadial. At this time, or soon after, low lying areas 
across all of Ireland were likely to have been completely ice free. Although smaller 
glaciers may have survived in upland areas for a period of time after this, as in north-
west Scotland (Bradwell et al, 2008), no conclusive evidence of this has been found in 
Ireland beyond the Woodgrange Interstadial. It has however been suggested that 
small mountain glaciers may have been present in Ireland during the Younger Dryas 
(Nahanagan Stadial) at ~12.6ka BP (Harrison et al, 2010; Barr et al, 2017; Clark et al, 
2012, Hubbard et al, 2009). Overall, evidence on the collapse of the BIIS suggests a 
complex interaction of internal and external factors including the cycling of ice-
streams, ocean temperatures and circulation, and land-surface albedo, was 
responsible for deglaciation (Alley and Clark, 1999).  
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 Table 2.1: Onshore dates after the LGM, from the Ox Mountains in Co. Sligo to the Shannon River in Co. Limerick, along the coastline of western Ireland, represented 
spatially im Figure 2.3. 10Be ages that have not used the Loch Lomond local production rate (LL LPR) have been recalibrated by Ballantyne and Ó Cofaigh (2017), while 14C 
ages have been recalibrated using the INTCAL13 calibration curve. 
Average Age (kaBP) 
recalibrated 
Dating 
Technique 
Location Average 
Elevation (m) 
Interpretation Reference 
17.88 CN 10Be Ox Mountains 233 Killard Point readvance age constraint Clark et al., 2009 
16.5 CN 10Be Ox Mountains 206 Exposure age from post LGM deglaciation Schiele et al, 2017 
16.2 CN 10Be Foxford 40 Deglaciation of Killala Bay ice lobe age constraint Schiele et al, 2017 
19.78 14C AMS Belderg Pier - Post LGM deglaciation  McCabe et al., 2005 
13.6 CN 36Cl Acorrymore House 190 Erosion after deglaciation Bowen et al., 2002 
16.7 CN 36Cl Lough Acorrymore 195 Erosion after deglaciation Bowen et al., 2002 
13.7 CN 10Be Lough Acorrymore 225 Age constraint for retreat of corrie glaciers Ballantyne et al., 2008 
19.4 CN 10Be Anaffrin East Col 440 Post-LGM deglaciation  Ballantyne et al., 2008 
17.7 CN 10Be Furnace Lough 36 Killard Point readvance age constraint Clark et al., 2009b 
19.2 CN 10Be Mweelrea 125 Post-LGM deglaciation Ballantyne et al., 2008 
16.1 CN 10Be Mweelrea 478 Post-LGM deglaciation age constraint Ballantyne et al., 2008 
20.9 CN 36Cl Cornarone 30 Exposure age from post LGM deglaciation Bowen et al., 2002 
11.6 14C AMS Fiddaun - Ice-free age constraint van Asch et al., 2012 
16.2 14C AMS Lough Inchiquin 25 Post-LGM deglaciation  Diefendorf et al., 2006 
12.6 14C AMS Edenvale Cave Complex - Ice-free age constraint Woodman et al., 1997 
15.3 CN 36Cl Kilkeel 66 Erosion after deglaciation Bowen et al., 2002 
20.3 CN 36Cl Loop Head 120 Erosion after deglaciation Bowen et al., 2002 
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2.3 The Holocene  
After the Younger Dryas the period of warming known as the Holocene (<11.7ka BP) 
began.  Records across the Northern hemisphere suggest that the Holocene is 
characterised by pronounced climate oscillations varying in length from 10’s to 100’s 
of years (O’Brien et al, 1995; Barber et al, 1999; Bianchi and McCave, 1999; Bond et al, 
1999, 2001; Hu et al, 2003; Langdon et al, 2003; Mayewski et al, 2004; Charman, 2010; 
Swindles et al, 2013; Roland et al, 2014). As a result of an improved understanding of 
these oscillations, the Holocene has been sub-divided into 3 periods: the Greenlandian 
(11.7 – 8.2 ka BP); the Northgrippian (8.3 – 4.2 ka BP) and the Meghalayan (4.2 ka BP – 
present day) (Walker et al, 2018). 
The Greenlandian period was marked by a drastic temperature increase following the 
Younger Dryas, (Birks and Ammann, 2000; Brooks and Birks, 2001; Schwark et al, 2002; 
Lang et al, 2010; van Asch et al, 2012).  
This warmer period was punctuated by shorter, less pronounced, cold spells, 
beginning with the pre-boreal oscillation (PBO) at ~11.4 ka cal BP, which lasted 
between 150-250 years (Kapsner et al, 1995; Björck et al, 1998; Rasmussen et al, 2007; 
Jessen et al, 2008) and had an impact on the spread of woodlands across Europe (van 
der Plicht et al, 2004; Bohncke and Hoek, 2007; Bos et al, 2007). The pollen record in 
Ireland shows the earliest instances of Holocene vegetation immediately after the 
Younger Dryas, composed of Juniperus (Juniper) and Betula (Birch), which spread 
rapidly across the island (Mitchell, 1995, 2006). The PBO is possibly recorded as an 
increase in the δ18O record of lacustrine marl (Diefendorf, 2006), but did not appear to 
have a significant impact upon the spreading vegetation. Some studies have 
speculated that a large meltwater flux from the draining of ice sheets into the North 
Atlantic was likely a contributing factor to the change in climate, coinciding with the 
PBO (Björck et al, 1998; Teller et al, 2002; Bos et al, 2007; Filoc et al, 2018). Several 
such meltwater pulses have been recognised in the coral record (Fairbanks, 1989; 
Edwards et al, 1993; Hanebuth et al, 2000; Weaver et al, 2003; Rasmussen, 2006; Bard 
et al, 2010;) (Fig. 2.5). MWP-1B has been linked to the PBO by several studies (Hughen 
et al, 1996; Bjorck et al, 1998; Hald and Hagen, 1998; Fisher et al, 2002). 
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Figure 2.5: Image showing the global sea-level curve since the LGM and the occurrence of meltwater 
pulses (MWP). MWP 1A0: ~19.6 – 18.8 ka BP, MWP 1A: ~14.6-13.8 ka BP. MWP 1B: ~11-8.8 ka BP, 
MWP 1C: ~8.2-7.6 ka BP (Gornitz, 2012). 
 
Following the PBO was a warm climatic phase that occurred globally between 11 and 5 
ka cal BP. This climatic warming is known as the Holocene thermal maximum (HTM) 
and varied significantly in timing and magnitude (Kaufman et al, 2004; Jansen et al, 
2007, 2008; Wanner et al, 2008; Bartlein et al, 2011; Renssen et al, 2012). The HTM is 
considered to have occurred in Ireland, for a shorter period, between 10.8 and 9 ka cal 
BP (Diefendorf et al, 2005, 2006; Holmes et al, 2007; Ghilardi and O’Connell, 2013; 
McKeown et al, 2013). The Irish climate became warmer again and there was an 
increase in the spread of vegetation, when trees, especially hazel, began to rapidly 
colonise former grassland areas (Smith and Goddard, 1991; Hall, 1997; Mitchell, 2006; 
Holmes et al, 2007). The next significant cooling event, within the Greenlandian 
period, occurred at ~9.3ka BP (Yu et al, 2010). This cold period is seen from ice core 
records in Greenland (Vinther et al, 2006) to speleothem records in China (Shao et al, 
2006) and tree-ring records in Germany (Spurk et al, 2002). In British records, it is 
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expressed as an increase in snow cover, recorded in an increase in animal remains and 
different cosmogenic 10Be surface exposure dates from gritstone outcrops (Wilson et 
al, 2013; Lord et al, 2015). In Irish pollen records, there is a decline in vegetation 
sensitive to frost and an increase in trees tolerant of colder climates (Ghilardi and 
O’Connell, 2013). However, in the Irish records the timing of this cooler period is less 
clearly defined, with an age range between 9.4 and 8.8 ka BP in speleothem and lake 
records from south western Ireland (Diefendorf, 2005; McDermott et al, 2001). This 
lack of chronologically constrained evidence may indicate that the 9.3ka event was not 
as significant in Ireland as elsewhere and was characterized instead by a longer period 
of cooler weather rather than a sharp climatic oscillation.  
The beginning of the Northgripian period is defined by the catastrophic drainage of 
melting ice from glaciers into the Atlantic Ocean, culminating in the 8.2 ka event 
(Hammer et al, 1986; Klitgaard-Kristensen et al, 1998; Johnsen et al, 2001). This event 
was characterised by an influx of cold, fresh water that disrupted the Atlantic 
Meridional Overturning Circulation (AMOC) and caused a climatic cooling that lasted 
~160 years. It affected climate on a global scale (Thomas et al, 2007; Morrill et al, 
2013a; Rasmussen et al, 2014; Matero et al, 2017). Although there is some evidence 
for this melting occurring in 2 phases (Clark et al, 2004; Hillaire-Marcel et al, 2007), or 
even as an abrupt increase within a larger cooling period (Rohling and Palike, 2005), all 
evidence suggests that a significant volume of freshwater was introduced into the 
Atlantic Ocean between 8.5 and 8 ka cal BP (Ellison et al, 2006; Törnqvist and Hijma, 
2012; Matero et al, 2017). This climatic event is the most prominent climatic change in 
the Northgrippian and is seen globally, across a range of records including ice cores, 
marine and lake sediments, peat deposits and speleothems (Street-Perrott and 
Perrott, 1990; Dansgaard et al, 1993; Hughen et al, 1996; Bond et al, 1997; Rousseau 
et al, 1998; Hu et al, 1999; McFadden et al, 2004). In western Ireland, the 8.2 ka event 
is seen in the terrestrial record in speleothem trace element records in Co. Kerry 
(Baldini et al, 2002), δ18O ostracod calcite records in Lough Monreagh, Co. Clare 
(McKenzie, 2010), δ18O, ostracod assemblage and pollen records from Cooney Lough, 
Co. Sligo, Lochs Avolla, and Gealain, Co. Clare, Loch Corrib, Co. Galway (Holmes et al, 
2016) and An Loch Mor, Co. Galway (Holmes et al, 2007; Ghalardi and O’Connell, 2013; 
Molloy and O’Connell, 2004, 2014). These all suggest a cooler, drier climate with a 
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decrease in plant coverage. Shallow water marine studies in the area show signatures 
that may relate to a cooling phase at this time. Wood et al (2017) note an increase in 
the δ18O record after 9.26 ka cal BP while Novak (2017) notes a freshwater pulse and a 
decrease in organic content between 8.8 - 8.4 and 8.1 - 7.8 ka cal BP. In deeper water 
records, there is also a recognisable decrease in sea surface temperatures based on 
dinoflagellate cyst assemblages and planktonic foraminifera (Hillaire-Marcel et al, 
2001, 2007; de Vernal and Hillaire-Marcel, 2006) 
Following the 8.2 ka event, temperatures recovered, and a warming trend began at 
~8ka BP, leading to the prolonged HTM in many places across Europe between 8 and 
6 ka cal BP (Caseldine et al, 2006; Renssen et al, 2009). While the climate in Ireland 
also underwent a warming, evidence from pollen and lake (chironmid) records shows 
that it did not reach the temperatures of the early Holocene. Hence, the shorter HTM 
period in Ireland (Diefendorf et al, 2005, 2006; Holmes et al, 2007; Ghilardi and 
O’Connell, 2013; McKeown et al, 2013).  
This warming is evident across Europe in the spread of vegetation; especially 
thermophilous trees such as hazel, elm and oak, which thrive in warmer conditions 
(Molloy and O’Connell, 2014; Mitchell, 2006). The fern population in western Ireland 
also has very high pollen percentages at this time, suggesting that this increasing tree 
population formed open woodland (Fossitt, 1994; O’Connell et al, 1999). The climate 
in Ireland appears to have become wetter during this period, with the first signs of 
Alder (Alnus) populations, a tree that prefers wet soils, in Co. Sligo after 8ka BP 
(Ghilardi and O’Connell, 2013), and thriving populations across the landscape by ~7 ka 
cal BP (Smith and Goddard, 1991). However, within this warm period a shorter cooling 
trend is evident between ~7.3 and 6.7 ka cal BP in the δ18O speleothem and lake 
records. However, this appears to be regionally restricted to western Ireland (Diendorf 
et al, 2005, 2006; McDermott et al, 2001). 
Within the global warming trend of the Northgrippian, the mid-Holocene period was 
punctuated by short lived cold events, in particular at 6.4, 5.3 and at 4.2 ka cal BP, the 
latter a significant climatic change which ended the Northgrippian (Wanner et al, 2011, 
2015; Bassetti et al, 2016). In western Ireland, a further regional climatic event is 
evident from 7.3 to 7 ka cal BP in lake records and speleothem records (McDerrmott et 
al, 2001; Diedendorf et al, 2006). This is a wetter phase that, in δ18O lake records from 
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Inis Mór, appears even more prominent than the 8.2 ka event (Diedendorf et al, 2006). 
This increase in winter precipitation, based on the negative excursion in the δ18O and 
relatively unaffected total organic matter, is also seen in other European records with 
higher lake lavels between 7.5 and 7.25 ka cal BP (Magny and Bégeot, 2004), while in 
cave records from Italy, the wettest phase occurs between 8.2 – 7.3 ka cal BP (Spotl et 
al, 2010). Following this, the climate across Europe experienced an enhanced number 
of dry events between 7.2 and 5.7 ka BP, corresponding with the HTM in many areas 
(Andrews and Giraudeau, 2003; Davis et al, 2003; Bjune et al, 2005; Caseldine, 2006; 
Wanner et al, 2008, 2011, 2015; Stivrins et al, 2017). Between 6.5 and 5.9 ka cal BP, 
reduced solar activity was the most likely driver of a worldwide climatic cooling with 
the expansion of glaciers and lower sea temperatures in the northern hemisphere 
(Grove, 2004; Berner et al, 2008; Steinhilber et al, 2009; Wanner et al, 2011; Solomina 
et al, 2015; Khan et al, 2017), drier conditions with abrupt changes causing weakened 
monsoon systems (Bonfils et al., 2001; Braconnot et al., 2000; Brooks, 2006; Damnati, 
2000; Saraswat et al, 2013; Xiao et al, 2014; Yu et al, 2006) and an increase in aridity in 
Africa and Asia (Sirocko et al, 1993; Gasse and Van Campo, 1994; Damnati, 2000; Guo 
et al, 2000; Brooks, 2006). This colder drier period corresponds to a Bond event at 
~5.9 ka cal BP (Bond et al, 1997). Bond events are caused by increased ice-rafting, 
causing a weakening of the thermohaline circulation, changes in the North Atlantic 
oscillation (NAO) and a southward shift of the Atlantic westerlies. They have a cyclicity 
of ~1000 years and by altering the distribution of precipitation, they can have a knock-
on effect on regional climatic conditions across Europe (Fig. 2.6).  
This colder and drier climatic trend at 5.9 ka cal BP is not, however, seen that clearly 
across Europe. Here the records primarily show warmer and wetter conditions (Lamb 
et al, 1977; Davis et al, 2003; Brewer et al, 2007; Constantin et al, 2007; Cvetkoska et 
al, 2014). This is the case in western Ireland too, where the records show a warm, wet 
climate with well-established woodlands (Dodson, 1990; McDermott et al, 2001; 
Diefendorf et al, 2006; Holmes et al, 2010; Murnaghan et al, 2012; Ghilardi and 
O’Connell, 2013). Where it does leave a signature, such as in chironomid assemblages 
In Lough Nakeeroge in Co. Mayo, the climatic cooling appears later, between 6 and 
5.65 ka cal BP, although McKeown et al (2013) attributes this variation in age due to 
dating errors.  
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Figure 2.6: Image showing Bond events during the post-glacial, alongside ice core records from 
Greenland (Bond, 1997). 
 
The only significant indicator of a climatic downturn across Europe at this time is 
related to the decline in the elm population. This decline has been dated both earlier 
and later, but the majority of dates are clustered around 6 – 5.9 ka cal BP, 
(Whittington et al, 1991; Innes et al, 2006; Albert and Innes, 2015), corresponding with 
the aforementioned Bond event. In the British Isles, this decline is seen over a wider 
time range from 6.3 – 5.3ka cal BP (Parker et al, 2002). The cause of the mid-Holocene 
elm decline is believed to be due to a number of factors including the spread of 
pathogens, human influence during the transition from the Mesolithic to the Neolithic 
and climate change (Skog and Regnell, 1995; Parker et al, 2002; Batchelor et al, 2014; 
Grosvenor et al, 2017). However, in Ireland the elm decline is not affected by the 5.9 
ka cal BP climatic event, as elm populations in Ireland remain stable until 5.5 ka cal BP, 
when there is a 5-10% decrease in pollen records (Lamb and Thompson, 2005).  
In Ireland, especially western Ireland, the advent of extensive pastoral farming and the 
decline of tree populations is considered to have begun at 5.8 ka cal BP (Hall, 1997; 
O’Connell and Molloy, 2001; McLaughlin et al, 2016), suggesting that while the climate 
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may be becoming wetter and cooler, it had not deteriorated drastically enough to slow 
the expansion of Neolithic farming. This phase of pastoral expansion, after 6 ka cal BP, 
is known as the Landnam phase and is seen throughout much of north-western Europe 
(Inverson, 1941; Pilcher et al, 1971; Brown, 2008; Shennan et al, 2013). In Ireland, it 
appears to last longer than in other areas, continuing up to 5.45 ka cal BP (Smith et al, 
1981; Stolze et al, 2012). This expansion of farming was possible due to a temperate, 
moderate climate, evidence of which can also be seen in Galway Bay, where oak and 
pine trees, species that do not thrive in waterlogged conditions, grew along the 
northern shoreline until 5.2 ka cal BP (Williams and Doyle, 2014).  
During the mid-Holocene, a reversal in the climatic conditions of the HTM is observed 
globally, believed to have been caused by decreases in solar activity (Magny et al, 2006 
and references therein). Most of these climate changes across the world occurred in 
short multi-centennial events between 5.6 and 5 ka cal BP, collectively known as the 
5.2 ka event (Magny et al, 2006). This period coincides with the creation of the first 
large, organised, urbanised civilisations, likely driven by the changing climate and the 
loss of land suitable for farming (Sandweiss et al, 2001; Berglund, 2003; Staubwasser 
and Weiss, 2006; Brooks, 2006, 2012). In Ireland, increased storminess, higher lake 
levels and wetter conditions are evident in lake, bog and cave records from 5.5 – 5.1ka 
cal BP, coinciding with the sharp decline in Neolithic farming practises, the 
abandonment of agricultural land and the beginning of a clear change in bog hydrology 
and blanket bog expansion across the landscape (Molloy and O’Connell, 1995; 
McDermott et al, 2001; O’Connell and Molloy, 2001; Baille and Brown, 2002; Huang, 
2002; Caseldine et al, 2005; Schettler et al, 2006; Tibert et al, 2007; Verrill and Tipping, 
2010; Langdon et al, 2012; Ghilardi and O’Connell, 2013; Roland et al, 2015; Gallego-
Sala et al, 2016; McLaughlin et al, 2016). 
Worldwide, a significant climatic change occurred between 4.4 – 3.8 ka cal BP, known 
as the 4.2 ka event, which marked the end of the Northgrippian and beginning of the 
Meghalayan period (Walker et al, 2012; Walker et al, 2018), and is reflected in proxies 
in both the northern and southern hemispheres. The 4.2 ka event is known, in 
particular, for the aridification of lower latitude areas in Africa and Asia (Magri and 
Parra, 2002; Davis and Thompson, 2006; Parker et al, 2006; Roberts et al, 2011), as 
well as shift towards a cooler, drier, climate in North America and Southern Europe 
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(Magny, 2004; Booth et al, 2005; Larsen et al, 2012). This climatic shift had a huge 
impact on human populations and has been linked to the collapse of major civilisations 
(Weiss et al, 1993; Cullen et al, 2000; DeMenocal, 2001; Stanley et al, 2003; 
Staubwasser et al, 2003; Welc and Marks, 2014). Bond et al (2001) argue that this 
event was triggered by changes in solar irradiance, corresponding to Bond event 3 (Fig. 
2.6). This does not however, explain the variation in timing of the onset of these 
changes, nor does it explain why some areas show major climatic shifts, while other 
higher, latitude regions, such as Great Britain and Ireland have no such uniform 
changes (Roland et al, 2014). 
In Ireland there is a shift to slightly wetter conditions in some bog records (Barber et 
al, 2003). In speleothem records, McDermott et al (2001) note that a drop in 𝛿18O, 
indicates a cooler period, coinciding (within dating uncertainties) with the 4.2 ka event 
and may represent a weaker North Atlantic thermohaline circulation. This, however, 
conflicts with chironomid and pollen records from a lake in the north-west of Ireland, 
which show a warm, dry phase that continues until 3.8 ka cal BP, with evidence of a 
decrease in bog pollen and an increase in chironomid species that prefer higher 
temperatures (Taylor et al, 2018). This drier phase is also seen in various bog records 
in Ireland which show decreased water table levels (Swindles et al, 2010). On the other 
hand, a wetter climate is indicated by O’Connell and Molloy (2001), who note an 
abrupt end to the colonisation of dried out peat regions by pine trees at 4.2 ka cal BP, 
corresponding to increased yew populations, which prefer mild, humid, maritime 
conditions (Gegechkori, 2018) and a decrease in farming (Molloy and O’Connell, 2004). 
In the marine record just offshore of the Aran Islands, Wood et al (2017) note no 
change in the isotopic record suggesting stable climatic conditions, at least locally. 
Overall, there appears to be no synchronous Irish record of the ~4.2 ka BP event. 
The rest of the Meghalayan period shows a general trend of increasing temperature 
with shorter periods of climatic deterioration. There is a shift to wetter/colder 
conditions globally at ~2.8 ka cal BP. In Ireland, there appears to have been a delay in 
the response, with the climate only becoming much wetter between ~2.7 and 2.4 ka 
cal BP (Wanner et al, 2011), as indicated by terrestrial records including peatland 
water table records (Langdon et al, 2012; Swindles et al, 2007, 2010, 2013), as well as 
a pronounced decrease in woodland clearance, archaeological sites and a population 
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downturn (Plunkett, 2009; Bevan et al, 2017). This wet/cold phase is seen across 
Europe in bog records in Britain (Charman et al, 2006), Germany (Barber et al, 2004), 
the Netherlands (van Geel, 1978), the Czech Republic (Speranza et al, 2002) and in 
Siberia (vanGeel et al, 1996), as well as in lake and pollen records from the Alps region 
(Magny et al, 2009). This wetter climate is also recorded for the southern hemisphere, 
with the Andean region of South America experiencing increased precipitation 
(Chambers et al, 2007). Other areas also experienced climatic changes; however, these 
conditions show a trend towards a drier climate. Speleothem and sand dune records in 
China (Dykoski et al, 2005; Wang et al, 2005; Duan et al, 2014; Zhou et al, 2008) and 
lake records from north Africa (Armitage et al, 2015) show that drought, caused by a 
weakening of the monsoon systems, was prevalent. These global climatic changes 
coincide with Bond event 2 (Fig. 2.6) (Bond et al, 1997; Bond et al, 1999) and were 
likely influenced by solar forcing (van Geel et al, 1996, 2000; Blaauw et al, 2004; 
Mauquoy et al, 2004). 
After 2.4 ka cal BP, the Irish climate began to improve, with an increase in 
temperature, inferred from chrominid records (Taylor et al, 2018), and drier 
conditions, inferred from peat and lake records across Ireland (Swindles et al, 2013; 
Langdon et al, 2012). This warmer period is considered to have lasted for a 
millennium, until 1.4 ka cal BP. The peak point of this warmer/drier environment 
coincides with the Roman Warm Period (RWP) (2.25 – 1.6 ka cal BP) seen across most 
of the northern hemisphere, including Europe and North America. Pollen records over 
Europe show both lower modelled winter and summer precipitation 2000 years ago 
(Mauri et al, 2015), while in North America, tree-ring (Stahle and Cleaveland, 1994), 
lacustrine diatom and ostracod (Fritz et al., 2000; Laird et al., 1996a; 1996b) records 
and altered forest compositions (Willard et al, 2003) indicate periods of severe 
drought. After the RWP, records across Ireland show a drop in temperature and a 
return to a wetter climate. These events once again coincide with a Bond event (1) 
(Fig. 2.6) (Bond et al, 1997; Bond et al, 1999) and are seen on a larger scale, suggesting 
that it is part of a much larger climatic phenomena. Changing conditions are seen 
across the northern hemisphere, with a drop in the solar activity (Wanner et al, 2008) 
and an increase in glacier activity (Reyes and Clague, 2004; Matthews et al, 2005; Koch 
and Clague, 2006; Nesje et al, 2008). This climatic downturn is known as the Dark Ages 
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Cold Period (DACP), lasting from 500 to 900 AD (Helama et al, 2017). Lamb (1982, 
1995), using documentary evidence, identified a period of colder, disturbed 
conditions, particularly in Europe, which correspond to the decline of the Roman 
Empire and the migration of large numbers of people. In Ireland, speleothem records 
from Crag cave (McDermott et al, 1999) also indicate a colder period, preceding and 
following warmer periods, associated with the DACP. Volcanic eruptions dated 
between 535AD and 540AD, identified in the Greenland and Antarctic ice core (Larsen 
et al, 2008) as well as Irish tree ring records, showing a significant reduction in growth 
rings during these years (Baillie, 1991, 1995), also occurred within the DACP and 
possibly exacerbated this climatic deterioration. Following the DACP there is once 
again a period of worldwide warming, known as the Medieval Climatic Anomaly 
(MCA), which occurs between 900 and 1350 AD depending on location (Lamb, 1965; 
Graham et al, 2011; Mann et al, 2009; Diaz et al, 2011). It is documented in historical 
records across Western Europe (Lamb, 1965) and tree ring records in California, USA 
(LaMarche, 1974) as a climatic amelioration, with warmer, drier weather. However, in 
other regions, this anomaly caused a range of temperatures and varying levels of 
precipitation (Folland et al, 1992; Hughes and Diaz, 1994; Bradley et al, 2003; Graham 
et al, 2011; Kaniewski et al, 2011). In Ireland, δ18O speleothem records from Crag Cave 
(McDermott et al, 2001), and lake records from Inis Oírr, on the Aran Islands 
(Diefendorf et al, 2005), show strong evidence of a warm period, while the presence of 
oak trees located on bogs at this time suggests that the climate was drier (Turney et al, 
2006). This climatic anomaly is succeeded by the Little Ice Age (LIA) at 1300 – 1900AD, 
the most recent significant cold event in climatic records, a period similar to the DACP. 
The drop in temperatures at this time coincides with a bond event (0) (Fig. 2.7), and is 
associated with climate forcing (Broecker, 2000; Mauquoy et al, 2002). This climatic 
downturn occurred across the world, causing severe winters, detailed in historical 
records (Manley, 1957; Lamb, 1967, 1977) and evident in glacier advances (Grove, 
2004; Rabatel et al, 2005; Ledru et al, 2013), ice records (Fischer et al, 1998), pollen 
records (Kaniewski et al, 2011), tree ring records (Wiles et al, 2008) and many other 
terrestrial and marine records. This LIA displayed various climatic conditions in 
differing locations, with drought in some areas and a wetter climate in others. The 
temperature, though generally colder, varied in severity throughout the world 
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(Thompson et al, 1986; Briffa, 2000; Jacobeit et al, 2001; Jones et al, 2001; Luterbacher 
et al, 2004; Meyers and Pagani, 2006; Pollack et al, 2006; Osborn and Briffa, 2006; 
Araneda et al, 2007; Kuhlemann et al, 2008; Richter et al, 2009). In Europe, the LIA is 
also associated with increased storminess (Fagan, 2000; Dawson et al, 2004; Sorrel et 
al, 2012) with large storm events recorded along the Atlantic seaboard (Lamb, 1991; 
Bryant, 2005; Douglas et al, 2009). In Ireland, this event is represented as a colder 
period in the speleothem (McDermott et al, 1999, 2001) and historical records 
(Kinealy, 2006; Kelly and Ó Gráda, 2013), while in the bog, testate amoebae, plant 
macrofossil and humidification records suggest a variable climate, with both wetter 
and drier spells throughout the LIA (Caseldine and Gearey, 2005: Swindles et al, 2010, 
2013; Stastney et al, 2018).  
This record of Holocene environmental history indicates that, while the Holocene is 
known as a time of climatic warming, there is a notable variability within this period 
and this is bound to be recorded in marine sediments around Ireland too. 
 
2.4 Sea-level history 
Changes in sea-level have the ability to profoundly change the geomorphology and 
environment of an area (Mastronuzzi et al, 2005). In order to understand what drives 
the timing and scale of these variations in sea-level, research over prolonged time 
periods is crucial. The end of the LGM caused substantial sea-level changes across the 
globe, ultimately shaping the modern coastline of the Holocene. 
Glacio-isostatic adjustment (GIA) that was occurring during the down-wasting of the 
BIIS and following deglaciation in Ireland, resulted in an acceleration in uplift when the 
total weight of the ice sheet covering the island was removed at ~15 ka cal BP (Brooks 
et al, 2008; Bradley et al, 2011; Kuchar et al, 2012). This was contemporaneous with a 
global sea-level rise due to the melting of not only the BIIS, but ice sheets across the 
world (Lambeck, 1995). This is something that has led to significant variation in RSL 
across different parts of Ireland.  
In the past, the main method for determining sea-level changes was the detection of 
raised and submerged shorelines (Stephens, 1957; Mitchell, 1960: Stephens and 
Synge, 1965). In Ireland, a RSL record for the post glacial period has been established 
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using this method over several decades (Synge, 1977; Carter, 1982; Carter et al, 1989; 
Devoy et al, 1996). However, uncertainty in the dating of coastal deposits, the 
previous lack of knowledge about the exact extent and thickness of the BIIS and the 
difficulty in determining the significance of specific coastal processes have contributed 
to fragmented research that is open to errors (Carter, 1982; Gallagher and Thorp, 
1997; Duffy and Devoy, 1999). International research carried out during the 
International Geoscience Programme (IGCP) projects established the use of sea-level 
index points (SLIPs) as a methodology for producing records of RSL change on 
sedimentary coasts, at a specific time and place (Tooley, 1978; Preuss, 1979; Shennan, 
1982; van de Plassche, 1986). A SLIP provides information on location, altitude, age 
and vertical relationship to contemporaneous tide level and can be used to provide 
high resolution information on past RSL positions. Even if a SLIP does not provide 
information on the relationship between the sample and a known tide level, it can still 
be used as a limit of possible RSL (limiting point – see Chapter 1) (Edwards and Brooks, 
2008).  
In Ireland, observational data from SLIPs have been incorporated into GIA models that 
generate sea-level curves showing RSL (Shennan et al, 2006; Edwards and Craven, 
2017). A sea-level database for Ireland containing all of these SLIPs has been created 
(Brooks and Edwards, 2006). SLIPs are also used to validate GIA models and associated 
RSL curves. This becomes more effective when there are numerous local data points 
for comparison in each area. In Ireland, due to the complex and spatially variable RSL 
history in the region, related to the isostatic depression caused by the advance and 
retreat of the BIIS (Edwards and Craven, 2017), a wide range of data points are 
necessary in order to accurately reconstruct RSL changes. However, SLIP data are 
sparse here, with only 200 data points in the Irish sea-level database. Less than a third 
of these data are composed of index points, with the majority composed of the lesser 
quality limiting points. Data from the west coast of Ireland, in particular, are composed 
primarily of limiting points, while index points are located mainly in the south and 
northwest (Fig. 1.2). Almost all of the data of late-glacial to early Holocene age are 
from limiting data, making it much less precise and more prone to inaccuracies when 
compared with data from primary and secondary index points (Brooks and Edwards, 
2006).  
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Using the sea-level database alongside ice coverage and earth’s crustal rebound GIA 
models, RSL curves have been created to explain regional changes (Brooks et al, 2008; 
Bradley et al, 2011; Kuchar et al, 2012). These curves can then be tested against 
known dates to see how closely they resemble the geological and geomorphological 
data (Fig. 1.2). Although the models and geological and geomorphological data rarely 
produce a perfect fit due to the inherent errors involved in both modelling and 
radiocarbon dating, modelled curves of late Holocene sea-level change fit well with 
the data available in Ireland (Fig. 1.2 & 2.7). The 3 GIA models that cover Ireland are 
Brooks et al (2008), Bradley et al (2011) and Kuchar et al (2012), hereafter referred to 
as Brooks’, Bradley’s and Kuchar’s models. These models use slightly different 
parameters. Brooks et al (2008) and Bradley et al (2011), are more similar to each 
other, having used similar ice thickness and extent parameters. Kuchar et al (2012) 
used a considerably thicker ice sheet and less laterally extensive cover than the other 
versions, leading to differences in output (Fig. 1.2 and 2.7).   
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Figure 2.7: Relative sea-level curves from various regions in Ireland, adapted from Edwards and Craven 
(2017) and Brooks et al (2008). This demonstrates how SLIP’s are mainly available for the Late-
Holocene. 
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During the deglacial period, all models show a rapid RSL rise across most of Ireland at 
~15-14 ka cal BP, coinciding with global meltwater pulse 1A related to the final down 
wasting of ice sheets (Fairbanks, 1989; Weaver et al, 2003; Peltier, 2005). During the 
Holocene, when ice coverage is non-existent, the models yield similar results, in that 
RSL predictions are generally within 5m of each other. However, prior to 14 ka cal BP, 
substantial variations are visible in the RSL models, in particular in the northeast of 
Ireland were Kuchar’s model predicts sea levels ~120m above present levels from ~18 
and 20 ka cal BP (Fig. 2.7), while Brooks and Bradley’s models shows sea-levels 
comparable to modern day. As more data is compiled into the sea-level database for 
Ireland, the more refined these GIA models can be made with new time constrains 
from new SLIPs (Fig. 1.2). This would definitely require a larger number of early 
Holocene and late Pleistocene data points. 
In the late Holocene, where a larger number of data points are available, patterns of 
RSL have been inferred for certain sites around Ireland from the GIA models. In the 
south, in counties Wexford and Cork, rising sea levels during the Holocene are evident 
in the GIA models, with RSL reaching 4m bsl by 6 ka cal BP. In the east, in Co. Dublin, 
RSL appears to have reached 5m bsl by 8 ka BP. In the southwest and northwest in 
counties Kerry and Donegal, the same trend is evident with RSL reaching 3m bsl by 3 
ka cal BP and 3m bsl by 5 ka cal BP respectively. In Co. Donegal a mid-Holocene high is 
visible with sea-levels above present day around 6 ka BP (Figure 2.7). A similar 
oscillation is inferred for the northeast in Co. Down, where RSL was equal to or (in the 
Bradley Model) above present day levels by 4 ka BP (Carter, 1982) and higher than 
present during the late glacial to early Holocene (Roe and Swindles et al, 2008), 
presenting a more complex pattern of sea-level change than in other areas of Ireland 
(Fig. 2.7). Many of these modelled sea-level curves are validated by the available SLIP 
data across Ireland.  
In Galway Bay (Fig. 1.2), the modelled sea-level curves indicate a sea-level drop at 19 
ka cal BP to a lowstand between 16 and 15 ka cal BP, followed by a sharp rise until 6 ka 
cal BP. This is interrupted only by a slowstand between 13.5 and 11 ka cal BP, before 
levelling off towards present day sea-levels (Fig. 1.2). There are clear differences 
between the 3 models, with Kuchar et al (2012), suggesting a much lower RSL during 
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the lowstand than Brooks et al (2008) or Bradley et al (2011). This trend continues 
throughout the Holocene, with Kucher et al’s (2012) consistently predicting lower RSL, 
while Bradley et al (2011) consistently predict higher RSL (Fig. 1.2). As Galway Bay has 
only 23 limiting points in the Irish sea-level database, all of which are younger than 7.5 
ka cal BP, there is not yet enough detail to provide validation for these GIA model 
derived RSL predictions (Fig. 1.2), something this study hopes to address. 
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Chapter 3: Data and methodologies 
In order to investigate palaeoenvironmental changes, meaningful proxies are 
commonly used in Quaternary science. This chapter provides an overview of all the 
analytical and data collection techniques used in this project. This research involved a 
multiproxy approach including geophysical, sedimentological, geomorphological, 
micropalaeontological and geochronological analyses, as our understanding of post-
glacial environmental change has largely been derived from paleoenvironmental 
studies of key physical, chemical and biological components of both terrestrial and 
marine sediments. The more environmental proxies available in a region, the more 
accurate and complete the reconstruction of past environmental changes will be.  
The rationale for the use of each methodology is discussed in detail in this chapter. 
These methods collectively allowed the reconstruction of the environmental history of 
Galway bay from the Late Quaternary to present day. 
 
3.1 Topographic, bathymetric and backscatter data 
Different kinds of altimetry and imagery data (including multibeam bathymetry and 
backscatter, LiDAR altimetry, satellite and aerial imagery) were used in this research to 
map the modern-day topography and coastline of Galway Bay. These data were all 
acquired at high resolution and in optimal conditions and are of excellent quality. 
Multibeam bathymetric and backscatter data are acquired when a multibeam 
echosounder (MBES) transmits an array of ‘pings’ in a fan beneath the vessel; this 
energy is then bounced back off the seabed to the vessel, and depending on the depth 
of the water, will arrive back at the vessel at slightly different times, allowing the 
seabed depth to be computed (Fig. 3.1). Acoustic backscatter data are also collected 
during this process and can be used to interpret variations in seabed hardness and, 
therefore, grain size (Lamarche et al, 2011).  
MBES data were acquired by the INFOMAR programme between 2006 and 2014 on 
board the RV Celtic Voyager using a Kongsberg Simrad EM3002 multibeam 
echosounder (300kHz) and the RV Keary using a Kongsberg Simrad EM2040 multibeam 
echosounder (300kHz). The 300kHz frequency is ideal for shallow water applications as 
the high frequency ensures narrow beams with small physical dimensions, allowing for 
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a much higher resolution and a cleaner signal when mapping (Lurton, 2010). These 
data were processed and tidally corrected by INFOMAR, using CARIS Hydrographic 
information Processing Systems (HIPS) and Sonar Image Processing Software (SIPS) 
and gridded at 5m resolution. This was done in order to compensate for artefacts in 
the data, caused by variations in seafloor topography, water column properties and 
multibeam system configuration parameters (Hellequin et al., 1997). The collection 
and processing of the multibeam echosounder (MBES) data was carried out by 
INFOMAR. Bathymetric and backscatter data are available for most of the bay and the 
areas surrounding the Aran Islands (Fig. 3.2A). All areas between -18m and -95m have 
MBES data available and, although there are some data available in the shallower 
areas of the bay, it is sparse and generally confined to the Corrib estuary.  
As well as MBES bathymetric data, LiDAR (Light detection and ranging) altimetry data 
were also collected for INFOMAR between 2006 and 2010 by Tenix LADS Corporation. 
LiDAR is a near-shore surveying technique that uses air-borne lasers (Fig. 3.1), in much 
the same way as the aforementioned acoustic methods, to survey areas that are 
difficult to reach by boat, particularly shallow water less than 15m (Kotilainen and 
Kaskela, 2017). LiDAR is very useful and has, in recent years, become a cost effective 
and time saving alternative to mapping techniques using multibeam echosounders. 
However, as with all technologies, it has limitations. In particular, LiDAR data are 
affected by the turbidity of the water and the extent to which the water column 
reflects or absorbs the light (Yang et al, 2007). These limitations are particularly 
problematic in water less than 2m in depth (Pe’eri and Philpot, 2007).  
Like the MBES data, the LiDAR data was gridded at 5m resolution and combined with 
the available bathymetry data to form a more complete picture of the seabed and 
coastal topography by INFOMAR (Fig. 3.2). The LiDAR data provide additional 
bathymetric data from above 18m water depth to the coastline and merges with 
terrestrial altimetry data up to 5km from the coastline, though it generally extends less 
than 2km. 
The combination of these datasets, taken from lowest astronomical tide (LAT), allow 
for the depth and hardness of the seafloor to be computed, providing valuable 
information of the lithology and geomorphology of the seabed. 
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Figure 3.1: Image showing the ranges of various instrumentation for the acquisition of geophysical data 
in shallow water (courtesy of F. Sacchetti, Marine Institute of Ireland). 
 
Shaded relief with vertical exaggeration (x10) and different illuminations were 
generated in ESRI ArcGIS 10.1 to aid the interpretation of landforms for both MBES 
and LiDAR data. In order to avoid azimuth biasing, features were considered with 
numerous illuminations (30˚ – 70˚ and 120˚ – 160˚) as well as without azimuth (Smith 
and Clark, 2005; Hillier and Smith, 2008). Contour lines (10m spacing), slope angle and 
aspect were derived using the spatial analyst extension tool to aid geomorphological 
interpretation. The profiling tool was used to derive information on geometric 
properties including wavelength, amplitude, symmetry and slope for the mapped 
landforms (cf. Ashley, 1990; Van Landeghem et al., 2009).  
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Figure 3.2: (A) Bathymetric and LiDAR and (B) backscatter map of Galway Bay, with the sediment cores 
represented in pink. 
 
In addition to the interpretation of the landforms, a seabed classification map for 
Galway Bay produced by the Marine Institute of Ireland (2017) was used to support 
the interpretation of the numerous features visible in the MBES data, especially in 
terms of their sediment composition. The map (shown in Chapter 4 and included as 
part of a paper to be submitted for peer-review), comprises the data from the 
different INFOMAR seabed surveys mentioned above and merged together into one 
composite map showing key habitats. The majority of the data (subtidal depths >20m) 
have been interpreted from MBES bathymetric and backscatter data. The shallower 
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subtidal data and intertidal data have been interpolated from biological samples and 
traced from orthoimagery and LiDAR. The samples were collected as part of detailed 
surveys of Natura 2000 sites between the years 2009 and 2012. These surveys resulted 
in maps of marine community types, which were translated to a modified Folk class 
and combined to result in a single habitat map layer (NPWS, 2013).  
Additionally, for this study, a classification of coastline types was carried out from a 
combination of satellite images and LiDAR data. Satellite images at 20m resolution 
were obtained from TerraMetrics and Google Earth and consist of a mixture of mid- 
and high-resolution satellite and aerial imagery from multiple providers including the 
U.S Navy, SIO (Scripps Institution of Oceanography) and NOAA National Oceanic and 
Atmospheric Administration (Google Earth, 2018). The coastline was divided into 3 
categories: coastal cliffs, sandy beaches and rocky beaches, according to Woodroffe 
(2002). The criteria for the classification of a coastal cliff relied heavily on slope angle, 
with near vertical slopes of consolidated material necessary for an area of coastline to 
be defined as a cliff (Sunamura, 1992). Sandy beaches were defined through a more or 
less smooth profile with a low slope angle (Russell, 1958). Rocky beaches were defined 
similarly to sandy beaches, with lower slopes than cliffs but composed of larger grain 
sizes such as gravel, encompassing both a shingle and boulder beach habitat. These 
categories were decided based on other coastline studies (Hansom and Moore, 1981; 
May and Hansom, 2003; Fairbridge, 2004; Biolchi et al, 2014; Kaliraj et al, 2017) and 
the resolution of the available data for the bay. 
 
3.2 Hydrodynamic data 
Hydrodynamic data were used as part of this project in order to assess the strength 
and direction of currents and waves in the bay and how they have influenced 
sediment mobility and helped shaped the modern-day topography of Galway Bay.  
Modelled current data for the Greater Galway Bay area were provided by the Marine 
Institute of Ireland (MI) as vector data. The model used is an implementation of the 
Regional Ocean Modelling System (ROMS), as described by Shehepetkin and 
McWilliams (2005).  The model has a horizontal resolution of 200 metres and 20 
vertical levels and provides depth-averaged and three-dimensional velocity fields at a 
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temporal resolution of three hours. The model includes atmospheric and tidal forcing, 
and climatological river input. One year of data, from 2016-2017, were used to 
calculate mean and maximum depth-averaged and bottom velocities for Galway Bay. 
In this study, the modelled data were then used to produce different grids. Grid sizes 
of 200m and 1000m, which were applied to the bottom and depth-averaged current 
data, were found to be the best to represent the respective datasets. A 1000m grid 
resolution was interpolated for current velocity data for the entire bay, while a 200m 
grid resolution was used to closely investigate the relationship between hydrodynamic 
forces and specific seabed landforms. 
Wave orbital velocities, modelled by the Marine Institute of Ireland, were taken from a 
regional wave model (SWAN), as described by Rusu (2011). The domain of this model 
covers all of Irish waters in the northeast Atlantic at a resolution of 0.025 degrees and 
is available at three-hourly intervals. For this study, one year of data, from 2016-2017, 
was used to calculate mean orbital velocities. In this study, the model outputs were 
then displayed as 2800m grids, the highest resolution available from the modelled 
data. This was all done in order to provide an overview of the general trend of the 
bottom, and depth-averaged currents and the mean speed of the orbital wave 
velocity. The arrows in all grids indicate the most frequent flow direction, while the 
speed is represented on a colour scale from slow (green) to fast (red) (relevant figures 
are provided in Chapter 4). Both models used to obtain hydrodynamic data from 
Galway Bay have undergone quality control through comparison with data from 
weather buoys, ARGO floats, tide gauges and satellite radiometers.  
 
3.3. Habitat Mapping 
The habit mapping in the bay was carried out by the Marine Institute of Ireland. QTC 
Impact software undertakes principal component analysis to pick features which 
account for variation in the multibeam data from the bay. These data are then 
grouped based on the highest statistical significance. The criteria for habitat 
classification are defined by location, acoustic characteristics, biological communities 
and geomorphology (Dalkin, 2008; Walker et al, 2008). 
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3.4 Core acquisition, storage and splitting 
Twenty-two sediment cores where used in this study. They were collected by the RV 
Celtic Voyager during cruise CV13031 in September 2013 (Table3.1) and core sites (Fig. 
3.1) were based on the available geophysical data for the area, including MBES 
bathymetry and backscatter and sub-bottom pinger data (3.5kHz) and Chirp and 
Sparker data previously obtained by Clarke (2013). In particular, areas with possible till 
layers or thick unconsolidated sediments visible on the seismic data were targeted 
(Peters et al, 2015). For succinctness in the rest of the thesis, the cores are referred to 
with a short name (for example, CV13031_01vc will be 01VC). 
The cores were collected using a Geo Marine Survey System Geo-Corer 3000 with a 3m 
barrel. Cores were cut into 1m sections (Fig. 3.3) and stored vertically, prior to 
splitting. The cores where split using a circular saw blade until only a thin sliver of 
plastic remained and then finished with a knife to avoid contamination. A wire was 
then used to split the sediment cores in half, creating a working half for analysis and 
an archive half. These halves were photographed and wrapped in plastic to prevent 
degradation when stored. This was done in the sediment lab at Ulster University, 
Coleraine, between December 2014 and September 2015. Cores were and are stored 
at a constant temperature of 4°C to preserve physical and chemical properties as 
much as possible. 
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Table 3.1: Table showing information on the collected cores, including coordinates, water depth, coring method, length and number of sections in each core and the 
type of analysis carried out on each core. Water depth is corrected to lowest astronomical tide (LAT) while, MSCL represents analysis of physical properties, GSA is grain 
size analysis, XRF is chemical analysis, SS is shear strength, 14C is radiocarbon dating and Fossil analysis refers specifically to benthic foraminifera.  
Core Latitude °N.    Longitude °W Depth (m) Core type Sections Length (m) X-rays MSCL GSA XRF SS 14C Fossils 
CV13031_01vc 53°10'42.002 9°15'7.518 29.5 vibro 3 2.2 x x x x x  x 
CV13031_02vc 53°8'51.194 9°19'5.417 32.4 vibro 3 2.97 x x x x  x  
CV13031_03vc 53°9'9.863 9°22'30.305 39 vibro 3 2.35 x x  x x x x 
CV13031_04vc 53°8'41.368 9°25'47.649 33 vibro 2 1.84 x  x x    
CV13031_05vc 53°8'8.306 9°37'26.755 19.1 vibro 1 0.63 x       
CV13031_06vc 53°9'1.096 9°36'19.867 39 vibro 3 2.57 x x x x  x  
CV13031_07vc 53°10'11.085 9°31'3.808 42 vibro 3 2.13 x x x x  x x 
CV13031_08vc 53°6'17.252 9°36'37.129 43.9 vibro 1 0.32 x       
CV13031_09vc 53°6'19.176 9°29'42.768 32.9 vibro 3 2.38 x x  x    
CV13031_10vc 53°6'46.014 9°29'23.51 35.3 vibro 3 2.25 x x  x  x  
CV13031_11vc 53°7'35.65 9°27'42.651 33.1 vibro 1 0.69 x       
CV13031_12vc 53°7'56.663 9°24'37.798 40.3 vibro 2 1.71 x  x x  x  
CV13031_13vc 53°7'12.044 9°22'57.745 41.4 vibro 3 2.41 x x  x x x x 
CV13031_14vc 53°5'41.218 9°22'10.709 35.2 vibro 3 2.88 x x  x x  x 
CV13031_15vc 53°5'16.524 9°27'39.383 31.5 vibro 1 0.75 x   x    
CV13031_16vc 53°8'24.847 9°27'52.078 28.6 vibro 1 0.57 x       
CV13031_17vc 53°11'35.318 9°32'16.107 39.9 vibro 2 1.42 x   x x x x 
CV13031_18vc 53°11'45.187 9°35'12.672 44.9 vibro 3 2.79 x x  x x   
CV13031_20vc 53°12'20.876 9°37'30.423 38.7 vibro 2 1.3 x  x x  x  
CV13031_21vc 53°11'57.434 9°37'10.476 25.6 vibro 2 0.74 x       
CV13031_22vc 53°11'38.337 9°39'57.724 57 vibro 3  2.88 x x x x x x x 
CV13031_01gc 53°11'41.427 9°40'2.634 57 gravity  1 1.0 x   x x  x 
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Figure 3.3: An example of the deck crew (A) bringing in a vibrocore after coring the Celtic shelf, on the 
GATEWAYS2 cruise, and (B) preparing for piston coring on the CE16010 cruise, on board the RV Celtic 
Explorer. 
 
 
3.5 Sediment physical properties 
3.5.1 X-radiographs 
X-radiography has become common practice in the analysis of sediment cores as it allows 
for the identification of structures within the core that may not be apparent to the naked 
eye, including bioturbation, laminae and denser material as well as smaller pebbles and 
shells (Jennings and Weiner, 1996; Andrews et al, 1997; Principato, 2004). X-radiographs 
of all the sediment cores in this study were acquired using a CARESTREAM DRX Evolution 
system at Ulster University, Jordanstown, in December 2014. This was carried out on 
unsplit cores, so that deformation due to splitting is not present in the x-radiographs. 
These x-radiographs were then used to identify features not visible on the surface of the 
core (Fig 3.4). 
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Figure 3.4: Image of pebbles visible in the x-ray (top) at the base of core 20VC but invisible to the naked eye 
(bottom). 
 
 
3.5.2 Multi-sensor Core Logger 
A selection of ten cores were scanned using a Geotek Standard Multi-Sensor Core Logger 
(MSCL-S) prior to splitting, at the British Ocean Sediment Core Research Facility 
(BOSCORF) in Southampton in August 2015. As there were time constraints on the use of 
the MSCL, all cores chosen were more than 2m in length in order to maximise the chance 
of obtaining the longest and most detailed environmental record for the bay. The cost of 
this analysis was covered under the NERC remit in the area of marine science. 
MSCL provides a non-destructive, high resolution (1cm intervals), measurement of P-
wave velocity, gamma ray attenuation, magnetic susceptibility and electrical resistivity 
(Schultheiss and McPhail, 1989; Best and Gunn, 1999). This involves placing the cores on 
the MSCL track, where they are automatically pushed past the sensors, which collect data 
at each 1cm increment, chosen to provide a high-resolution record of the physical 
properties of the cores. The next section is placed on the track as the first on finishes, 
allowing for continuous measurements. The stepper motor controlling the track is 
controlled by the computer, which also controls the sensors, allowing for the data to be 
automatically correlated (Geotek, 2016). P-wave velocity is used to calculate acoustic 
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impedance, with higher values indicating more cohesive material. This is done by 
producing a short P-wave pulse from a transmitter which propagates through the core 
and is intercepted by a receiver. The travel time of this pulse is measured using pulse 
timing software (Geotek, 2016). Gamma ray attenuation measures sediment bulk density, 
with higher values indicating lower porosity. A gamma ray source, in this case Caesium-
137, and a detector are placed on sensors that are aligned on either side of the core 
centre. A beam of gamma rays is emitted from the source and picked up by the detector. 
By measuring the amount of transmitted gamma photons that pass unattenuated 
through the core, the density of the sediment can be determined (Geotek, 2016). 
Magnetic susceptibility measures the degree to which a material can be magnetised 
(Gunn and Best, 1998), with higher values representing sediment containing more 
ferromagnetic elements. It is measured by producing a low intensity magnetic field, which 
shows a change in its oscillator frequency every time a material with magnetic 
susceptibility is near it (Geotek, 2016). Electrical resistivity is measured by creating a high 
frequency magnetic field from a transmitter coil, which in turn induces electrical currents 
inversely proportional to the sediment’s resistivity. The magnetic fields generated by the 
electrical currents are then measured by a receiver coil (Geotek, 2016). Higher electrical 
resistivity values indicate more porous material or a decrease in salt content (Munoz-
Castelblanco et al, 2012; Satriani et al, 2012). 
MSCL measurements are valuable in determining boundaries between lithofacies, as well 
as interpretation of different lithofacies. However, although MSCL analysis is extremely 
useful in providing information on the sediment characteristics and variability within the 
cores, there are drawbacks in this type of analysis. Under-filled core liners, varying levels 
of saturation and absence of a flat scanning surface can adversely affected MSCL 
measurements, causing gaps in the data and anomalous results (Insua, 2013). This was 
addressed through the removal of data from areas were these issues were clearly evident 
in the cores.  
The MSCL data were imported into a Grapher 8TM program to create graphs that allowed 
for a single overview of all of the available data for each core. The plots were exported 
into a CorelDRAW X6 to be displayed alongside the core logs. This was done in order to 
support the identification of lithofacies boundaries and of significant trends or changes 
within each unit, as well as to correlate the characteristics of each lithofacies. 
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3.5.3 Shear strength 
Shear strength is a measure of the sediment’s resistance to shear stress. In this study, it is 
measured using a shear vane and recorded in kPa. This is done in order to determine the 
level of compaction, as the rapid deposition of finer material can lead to under-
consolidation, with low shear strength values (Whelan et al, 1977), while higher sheer 
strength values can be suggestive of an erosive or glacial environment (Grabowski, 2014). 
In particular, values above 50kPa are considered to represent lodgement till (Peters et al, 
2016; Hillenbrand et al, 2005; Dowdeswell et al, 2004). Shear strength analysis is carried 
out only on consolidated sediment, as in unconsolidated sediments the required tension 
cannot be built up. Shear strength was measured on 8 sediment cores in this study that 
contained consolidated sediment (Table 3.1), by inserting the impact shear vane into the 
sediment at 20cm intervals and slowly rotating the torque head until the sediment failed 
(Fig. 3.5). This was done in order to get representative measurements throughout the 
cores and to obtain a response to the various forces that have been applied to the 
sediment in the bay over time.  
 
 
Figure 3.5: Image of a shear vane measurement taken on core 18VC (CV13031) at Ulster University. 
 
3.5.4 Grain size analysis 
Grain Size Analysis (GSA) is a tool for revealing information on the relative percentages of 
gravel, sand, silt and clay and level of sorting in the samples. From the grainsize, vital 
information on the depositional processes, provenance and hydrology of an area can be 
inferred. Sediments that have large percentages of fine material such as clay and silt tend 
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to represent lower energy environments, while sediment with coarser material such as 
sand and pebbles represent higher energy environments (Switzer and Pile, 2015).  
GSA was performed on 8 sediment cores (Table 3.1) at approximately 20cm intervals, 
with the exception of intervals rich in larger biogenic material, which would have been 
difficult to process for analysis and would not have provided a representative sample. 
Samples were chosen from cores were clear differences in grain size were difficult to see 
with the naked eye. Samples were pre-treated through soaking in a 5% calgon solution for 
12 hours, followed by placement on a rotating table for 12 hours (following the 
methodology outlined in Sperazza et al., 2004). Grain-size analysis was then carried out 
through laser granulometry using a MALVERN Mastersizer 3000 at the School of 
Geography and Environmental Science at Ulster University. The Malver Mastersizer 3000 
is capable of measuring grain sizes up to 2mm and therefore, in order to avoid damage to 
the system, the sediment dispersion was put through a 1.8mm sieve before being poured 
into the sample dispersion unit. The only drawback with using the Malvern Mastersizer is 
when grains larger than 2mm, as in the case of coarse sand and gravel. To obtain 
representative results in the case of these samples, the fraction >2mm was also weighed, 
calculated as a percentage of the entire sample and used in the final analysis. The results 
of the grain size analysis of these sample were calculated and plotted using GRADISTAT 
(Blott and Pye, 2001) in order to determine mean grain size. While it is possible to identify 
grain size using the Udden-Wentworth scale (Udden, 1914; Wentworth, 1922), this is a 
laborious, time consuming process, whereas the GRADISTAT programme can rapidly 
calculate size, determine sorting, skewness and kurtosis and allows for flexibility in the 
input and output parameters (Blott and Pye, 2001).  
 
3.6 Lithofacies identification 
All 22 sediment cores were examined visually and classified into units using sediment 
colour, type, structures, contacts and biogenic content. The visual examination involved 
creating a core log for each core, detailing grain size, lithology, sorting, biogenic content, 
contacts, or any other identifying features in the core (including the archive half). The 
colour of the sediment was determined using a Munsell colour chart. This analysis was 
carried out following the methods of Kemp et al, (2001), Last (2001), and Benetti (2007). 
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Lithofacies were ultimately defined using a combination of the visual analysis, X-
radiographs, shear strength measurements, MSCL physical properties and grain size 
analysis. These lithofacies were then displayed as sediment log images using CorelDRAW 
X6 and are reported in Chapter 5 and Appendix 1. 
 
3.7 X-Ray Fluorescence analysis 
X-Ray fluorescence (XRF) is used to acquire detailed geochemical data from sediment 
cores through which environmental and sedimentological changes can be inferred 
(Croudace et al, 2006). Traditionally XRF data were acquired from sediment cores by 
sampling the material and processing it, something which resulted in the destruction of 
the samples. Micro x-ray fluorescence (µ-XRF) is a relatively new technique, developed in 
the past 20 years that allows for geochemical analysis of sediment cores in a non-
destructive way. Studies that have utilized this new technique include lacustrine, coastal 
and deep-sea marine sediment cores (Calvert and Pederson, 2007; Romero et al 2008; 
Hunt et al, 2014; Rothwell and Croudace, 2015). 
This technique is extremely useful for a relatively rapid, high resolution chemical analysis 
of both lighter and heavier elements to determine environmental and sedimentological 
trends recorded in the sediment (Croudace et al., 2006). The ITRAX scanner collects 
element profiles ranging from Silicon-Uranium simultaneously throughout a sediment 
core at a count rate of 100,000 cps (counts per second). The more intense the element 
concentration the higher the number of total counts. Sections were scanned with an 
energy dispersive fluorescence radiation to measure chemical composition at 1mm, 2mm 
or 5mm resolutions. Due to time constraints, only some cores were able to be scanned at 
higher resolutions. As cores composed of finer material, with a smoother surface 
generally produce the most reliable results, cores 01GC, 02VC, 12VC, 18VC and 22VC 
were chosen for 1mm scanning resolution, while cores 13VC and 15VC were scanned at 
2mm resolution and all other cores were scanned at 5mm resolution.  
Seventeen split sediment cores were scanned using an ITRAX micro-XRF core scanner at 
BOSCORF in Southampton, in May 2016. As time constraints once again applied to the use 
of this analysis, only cores over 0.75m in length were selected. This was done in order to 
obtain the most information possible across the longest timeframe.  The cores were first 
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processed by scraping to remove a fine layer of sediment and smooth the surface, and 
then by covering the surface with ultralene film in order to avoid contamination. The 
ITRAX scanner successfully detected a range of element, even in the cores composed of 
fine sand. As the data generated by the ITRAX scanner is semi-quantitative (Rothwell and 
Rack, 2006) all element counts below 10,000 were discarded and elements were 
displayed as ratios following the practices outlined in the relevant literature (Rollinson, 
1993; Weijden, 2002; Weltje and Tjallingii, 2008; Croudace et al, 2015), in order to 
provide the best representation of the trends in the data.  
Like MSCL, µ-XRF analysis can display anomalous results or gaps in the data when the 
core liner is unfilled, or the sediment surface is uneven. As this analysis was carried out to 
obtain trends in the data rather than quantifiable ranges, and to ensure the highest level 
of quality control, all anomalous extremes in the data, that were not part of an overall 
trend, were discarded.   
The elements and elemental ratios used in this study are shown in Table 3.2, and varying 
trends in each element or elemental ratio represent variations in the environmental 
conditions to which they refer to. The selected elements and ratios were chosen due to 
their use as proxies for environmental conditions, in particular for sea-level change. They 
include: Ca, S, Si, Sr/Ba, Ba/Ca and Br/Cl. All single elements were normalized to 
elemental ratios using Ti. Titanium was chosen because it is analytically reliable, and 
because it is a conservative element (weather resistant) and does not play a role in 
biological processes (Koinig et al., 2003; Croudace et al., 2006; Kylander et al., 2013b; 
Shala et al., 2014; Stuut et al., 2014). 
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Table 3.2: Summary table of geochemical elements used in this study as proxies of environmental and sea-
level change. An increase in the elements/ratios reported in the table indicate an increase in the parameter 
they refer to. 
 
Element or 
Ratio 
Interpretation/Use/Indicator References 
Ca - Core correlation  
- Marine Transgression  
- Calcium carbonate content 
Bahr et al., 2008; Kwiecien et al., 2008; Soulet et al., 
2011; Wolters et al., 2010; Piva et al., 2008 
S - Identification of redox transitions  
- Precipitation of pyrite and 
reducing seafloor 
conditions/bottom water anoxia 
Richter et al., 2006; Harff et al., 2011; Sluijs et al., 
2009 
Si - Terrigenous or productivity 
indicator  
- Variation in terrigenous sediment 
delivery 
Rothwell et al., 2006; Blanchet et al., 2007; Kleiven 
et al., 2007; Marsh et al, 2007; Agnihotri et al, 
2008; Frings et al, 2016; Sospedra et al, 2018 
Ba/Ca - Proxy for shallow water aragonite  
- Precipitation and runoff 
Grove et al., 2010; Weldeab et al, 2007; Saraswat et 
al, 2013; He and Xu, 2015 
Br/Cl - Presence of organic rich layers  
- Increased porosity 
Rothwell et al., 2006; Thomson et al., 2006 
Sr - Marker of biogenic origin  
- Higher salinity 
Zaragosi et al., 2006; Arz et al., 2001b, 2003 
Sr/Ba - Higher salinity Deng and Qian, 1993; McCulloch et al., 2005; Jia et 
al., 2013; Cao et al, 2016 
Sr/Ca - Presence of high Sr aragonite 
which requires a shallow water 
source 
- Mixing of marine and freshwater 
sources 
Grove et al., 2010; Rothwell et al., 2006; Thomson 
et al., 2006; Ziegler et al., 2008 
Fe - Variations in terrigeneous 
sediment delivery 
-Increased input from terrestrial 
sources/Runoff proxy 
Arz et al., 1999, 2001b, 2003; Carlson et al., 2008; 
Harff et al., 2011; Haug et al., 2001; Heinrich et al., 
2010; Itambi et al., 2010; Kissel et al., 2010 
  
Chapter 3                                                                                                    Data and methodologies                                                                                                                  
55 
 
Ca, S and Si are useful proxies of an oscillating coastline and transgressive surfaces 
(Wolters et al, 2010; Croudace et al, 2015). High Ca/Ti ratios are indicative of increased 
marine carbonate content, while high S/Ti represents high levels of organic matter and 
high Si/Ti ratios suggest high levels of silica, likely from terrestrial runoff (Sospedra et al, 
2018). High Sr/Ba ratios represent high salinity levels, as Ba enters marine environments 
primarily through riverine input (Cao et al, 2016; Setiawan et al, 2017), while high Br/Cl 
ratios represent high levels of marine organic carbon, as terrestrial organic matter 
contains low Br (Croudace et al, 2015). High Ba/Ca ratios are representative of an 
increased freshwater influence (Weldeab et al, 2007; Saraswat et al, 2013) and shallower 
water, as are high Sr/Ca ratios, which may indicate the presence of high Sr aragonite, 
requiring a shallow water source (Croudace et al, 2006; Grove et al., 2010). High Fe/Ti 
ratios generally relate to the terrigenous fraction of the sediment and are good indicators 
of increases in terrestrial runoff and changes in hinterland climatic conditions, with higher 
ratios indicating more terrestrial runoff and lower ratios indicating less terrestrial runoff 
(Westerhold et al., 2007). 
Funding to carry out XRF analyses was obtained through the award of a GSI (Geological 
Survey of Ireland) research programme short call grant (2015-sc-073) and under the NERC 
(Natural Environment Research Council) remit for marine science.                                                                                                                                              
 
3.8 Micropalaeontology 
Microfossils are found in most environments and make exceptionally good indicators of 
palaeoenvironmental conditions as they provide a continuous record of change in an 
ecosystem over time. One of the main microfossils used in palaeoenvironmental 
reconstruction are foraminifera; testate, unicellular organisms, that are either planktonic 
(free-floating) or benthic (bottom dwelling) and are found throughout the marine 
environment (Corliss, 1985; Koutsoukos and Hart, 1990; Nagy et al, 1995, 1997; Murray 
and Alve, 1999; Scott et al, 2001; Beavington-Penney and Racey, 2004; Kamininski and 
Gradstein, 2005; Reolid et al, 2008, 2010; Setoyama et al, 2011; Hayward et al, 2013). 
Foraminifera have a close connection to the habitat they live in and have been extensively 
used as indicators of environmental change through comparisons to modern analogues.  
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Table 3.3: A table showing the core, depth and lithofacies foraminifera samples were located in. 
 
 
Micropalaeontological analysis of foraminifera tests was carried out on a selection of 8 
sediment cores selected in order to provide maximum geographical coverage of the bay. 
One cm thick sediment slabs were taken at various depths across all identified lithofacies 
Core Sample depth (cm) Lithofacies 
01GC 1-2 Poorly sorted (Silty) fine to coarse sand coarsening upward 
30-31 Shell hash 
99-100 Sandy mud coarsening upward 
01VC 1-2 Poorly sorted (Silty) fine to coarse sand coarsening upward 
60-61 Silty sand 
100-101 Interbedded sandy silt and silty sand 
187-188 Interbedded sandy silt and silty sand 
03VC 227 – 228 Laminated mud 
07VC 78-79 Poorly sorted (Silty) fine to coarse sand coarsening upward 
160-161 Shell hash 
201-204 Gravelly fine sand and silt 
13VC 116-117 Silty sand/Sandy silt 
234-235 Silty sand/Sandy silt 
14VC 45-46 Poorly sorted (Silty) fine to coarse sand coarsening upward 
110-111 Shell hash 
197-198 Shell hash 
278-279 Silty sand/Sandy silt 
17VC 15-16 Poorly sorted (Silty) fine to coarse sand coarsening upward 
82-83 Gravelly fine sand and silt  
117-118 Gravelly fine sand and silt 
139-140 Gravelly fine sand and silt 
22VC 150-151 Sandy mud coarsening upward 
269-270 Sandy mud coarsening upward 
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(Table 3.3). The slabs were collected from the centre of the core, avoiding the core liner 
in order to ensure that sediments that may have been disturbed during acquisition were 
avoided. Slabs (~100g) were soaked for 24 hours, then wet sieved through a 63µm sieve 
and rinsed in distilled water, in order to remove the finer mud fraction. The samples were 
then dried under infra-red lamps until completely dehydrated. Larger samples were split 
into aliquots, using a Green geological microsplitter, in order to obtain a smaller sample 
size. This prevents bias towards larger heavier specimens when examining and allows a 
fair representation of the foraminiferal population (Boltovskoy and Wright, 1976). Intact 
benthic foraminifera from the entire aliquot were examined using an Olympus SZX16 low-
power binocular microscope, and species were identified as either present or absent and 
an estimate of their abundance within each lithofacies was made. The classifications used 
for identification of foraminifera species followed Haynes (1973; 1981), Loeblich and 
Tappan (1988) and Murray (2006). As foraminifera are strongly influenced by the habitat 
they live in they have been used in many studies as indicators of palaeoenvironmental 
conditions (Horton et al., 1999; Murray, 2000; Sejrup et al., 2004; Horton and Edwards, 
2006; Leorri and Cearreta, 2009; Leorri et al., 2010; Milker et al., 2011; Lopez-Belzunce et 
al., 2014; Benito et al., 2016). 
While microfossil analysis is exceptionally beneficial to the analysis and determentation of 
environmental conditions, the small number of samples across the bay and the lack of 
statistically analysis carried out due to the time constraints of the project, has meant that 
this analysis will be used to reinforce the multiple other methodologies, rather than as a 
fully stand-alone investigation.  
 
3.9 Geochronology 
The chronology of many environmental changes, particularly in the marine environment 
are constrained through Accelerator Mass Spectrometer (AMS) radiocarbon dating. AMS 
can be used to measure the amount of 14C in organic material. All living organisms contain 
14C which starts to decay from the time of death, at a measurable rate, known as the 14C 
half-life (Taylor, 1987). By determining the level of 14C in a fossil the age of the material it 
was deposited in can be drived. Accelerated mass spectrometry (AMS) radiocarbon dating 
is one of the most widely used (Taylor, 1987; Hajdas et al, 1993) and reputable methods 
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by which to determine the age of an object and can be completed with small sample 
sizes, which becomes advantageous when there is minimal organic material available to 
be dated. 
Radiocarbon dating has been used to chronologically constraint the sediment record in 
this research. Calcareous material, that can be used in radiocarbon dating, such as 
foraminifera, ostracod, gastropods and bivalves, have been found in all of the sampled 
cores. As AMS radiocarbon dating can be completed with small sample sizes, it is 
advantageous when there is minimal organic material available in a core to be dated. By 
choosing to date organic material, at least 6mg in weight, that appears to be in situ and 
shows little sign of bioturbation, the likelihood of error in the dating process is reduced 
and the chronology established for significant core horizons, is much more reliable. When 
picking foraminifera, benthic species only were chosen, and whenever possible the 
number of species were limited to <3. The intention was to date samples which showed 
clear changes in the sediment core, either above or below the sampling point, in order to 
define the chronology of changes within the bay. Samples were also picked in sediments 
that appeared sedimentologically similar, to determine if the same processes showed a 
chronological correlation in different geographical areas of the bay. When dating the 
samples, the marine reservoir effect was taken into account and the appropriate 
calculations made according to Reimer et al. (2002). In total, 18 samples were dated; 15 
at Beta Analytic private laboratory in Miami (USA) and 3 at Queen’s University Chrono 
Centre in Belfast (Table 3.4). Dating was funded by the Geological Survey of Ireland (GSI) 
and Irish Quaternary Association (IQUA) grants respectively. All dates were calibrated 
using Calib 7.1 with the Marine13 calibration curve (Reimer et al., 2013) which takes into 
account the global reservoir correction. The delta R used was 40+/-47 years, which was 
taken from an average of 10 sites around the Irish coast. All radiocarbon ages are quoted 
as the average value of the range of uncertainty. 
Samples were taken throughout the cores in the bay, (Table 3.4), in order to provide an 
age constraint. Samples were chosen from specimens that were intact or were known to 
have been broken during core splitting or sampling, in order to reduce the possibility that 
the samples were transported or reworked.  
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Table 3.4: Samples submitted for radiocarbon dating, showing the core number (from lowest to highest), 
depth of sample in each core, type of carbonate material used for analysis, weight of the sample material 
and the laboratory dating the samples. All foraminifera samples were composed of intact mixed benthic 
species; all shell samples were bivalves, while all Turritella sp. samples were intact. 
 
 
 
 
Core Depth (cm) Material Weight (mg) Lab 
CV13031-02VC 279-280 Shell 2000 Beta  Analytic 
CV13031-03VC 71 Shell 2485 Beta  Analytic 
CV13031-03VC 72 Turritella 558 Beta  Analytic 
CV13031-06VC 144-145 Shell 2001 Beta  Analytic 
CV13031-07VC 120-121 Turritella 335 Beta  Analytic 
CV13031-10VC 105 Shell 824 Chrono Centre 
CV13031-10VC 126-127 Turritella 1248 Beta  Analytic 
CV13031-10VC 200-201 Turritella 217 Beta  Analytic 
CV13031-12VC 148-152 Shell 3000 Beta  Analytic 
CV13031-13VC 100-101 Turritella 1992 Beta  Analytic 
CV13031-13VC 177-179 Shell 2117 Beta  Analytic 
CV13031-13VC 235-236 Foram 7 Beta  Analytic 
CV13031-17VC 130 Shell 710 Chrono Centre 
CV13031-20VC 81-82 Turritella 320 Beta  Analytic 
CV13031-20VC 117-118 Foram 6 Beta  Analytic 
CV13031-20VC 124 Shell 765 Chrono Centre 
CV13031-22VC 38-39 Turritella 265 Beta  Analytic  
CV13031-22VC 269-270 Foram 4 Beta  Analytic 
Chapter 3                                                                                                    Data and methodologies 
 
60 
 
3.10 Sub-bottom profiling 
The sub-bottom data were obtained by the INFOMAR seabed mapping programme 
between 2007 and 2014 on board the RV Celtic Voyager, at the same time as the 
multibeam acquisition. These data were obtained using a SES 5000 3.5 kHz hull mounted 
pinger system. This system has a vertical resolution of 0.3-0.5m and a penetration range 
of 10-50m. Unfortunately, a portion of this data was lost by INFOMAR and therefore in 
this study the sub-bottom data is comprised of the remaining ~20,000km of high 
resolution pinger lines (Fig. 3.6). The data were converted from CODA to SEGY, processed 
and tidally corrected to lowest astronomical tide (LAT) within IHS kingdom 8.8 software. 
Of the 916 available lines, 728 were found to be viable in the seismic analysis of Galway 
Bay, as the others contained too much noise. 
 
 
Figure 3.6: A map of Galway Bay showing the position of all viable seismic lines used in the construction of a 
seismic stratigraphy. 
 
3.10.1 Data processing and horizon identification  
Trapezoid band pass filtering (0.8-1.2 – 6.0-6.2kHz), automatic gain control (10 and 20ms) 
and wavelet envelope calculation where applied to the raw data, in order to improve the 
signal to noise ratio and remove artefacts, allowing a more easily interpreted image. The 
principles used to interpret the key seismic facies are those described by Mitchum and 
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Vail (1977) and Mitchum et al, (1977). Reflectors separating acoustic facies and bounded 
by their unconformities and correlative conformities were mapped throughout the bay 
and used to identify the stratigraphic boundaries.  
The acoustic facies were defined visually using key characteristics in their geometry and 
internal configuration; this can be used to identify the sedimentary and environmental 
conditions that created them (Vail and Mitchum, 1977).  
The characteristic geometries of the reflectors found in the sub-bottom data followed the 
scheme by Mitchum et al. (1977) and are outlined below (Fig. 3.7): 
• Erosional truncation: the lateral termination of reflectors through erosion. Evident 
near the upper boundary of a sequence and generally the result of erosion. 
• Toplap: the termination of reflectors at the top of a sequence against the upper 
boundary. Generally, occurs due to non-deposition. 
• Concordance: occurs at both the upper and lower boundaries of a sequence and 
occurs when the reflectors do not terminate against, but instead follow the under or 
overlying strata. This indicates a non-erosional boundary. 
• Onlap: occurs at the lower boundary when horizontal or inclined reflectors terminate 
against an underlying strata that is more inclined. Generally, an indicator of a non-
depositional hiatus. 
• Downlap: occurs at the lower boundary when reflectors terminate downwards against 
a horizontal or inclined underlying facies. This generally occurs in the opposite 
direction of the sediment supply and is an indicator of a non-depositional hiatus.  
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Figure 3.7: An example of the aforementioned reflector patterns used as the main criteria in stratigraphic 
analysis (Adapted from Mitchum et al, 1977).  The overlying strata is coloured green and the underlying 
strata coloured blue. 
 
The common internal configurations of the seismic facies found in the sub-bottom data 
are divided into 3 types of reflection patterns (Mitchum et al, 1997) and are outlined 
below (Fig. 3.8): 
• Parallel reflector patterns: These include parallel, subparallel and wavy patterns, 
which commonly indicate uniform depositional rates on a stable basin or a 
constant subsiding shelf, and divergent patterns which usually indicate that the 
rate of deposition varies laterally. 
• Discontinuous reflector patterns: These include hummocky, lenticular, disrupted, 
chaotic, contorted and reflection free. Hummocky, lenticular and disrupted 
patterns generally indicate interlocking clinoform lobes building into shallow 
water.  Chaotic and contorted reflectors generally represent strata deposited in a 
variable high energy environment, such as cut and fill channels and faulted zones. 
Reflection free patterns commonly indicate homogenous or non-stratified units. 
• Prograding reflector patterns: These include Sigmoid, oblique (tangential and 
parallel), complex sigmoid-oblique and shingled, all of which are prograding 
patterns. Sigmoid patterns suggest a low sediment supply and/or rapid sea-level 
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rise in a low energy environment. Oblique patterns indicate a high sediment 
supply and a sea-level stillstand in a high energy environment. A complex sigmoid-
oblique pattern, as the name suggests, represents an environment with a 
combination of sigmoid and oblique patterns. A shingled pattern generally 
indicates progradation into shallow water. 
 
 
Figure 3.8: Example of the internal reflection configuration patterns used as the main criteria in 
stratigraphic analysis (Adapted from Mitchum et al, 1977).   
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3.10.2 Isopach maps 
Isopach maps measure the thickness of a seismic facies by measuring the distance in two-
way time between the horizons and converting this to metres using an average of the p-
wave velocity data, obtained from the MSCL measurements. They allow the visualisation 
of the spatial distribution of each unit, its variations in thickness, as well as the 
comparison of spatial patterns. In order to create these maps, the spatial occurrence of 
mapped horizons stretching over large portions of the bay was necessary. Seismic 
horizons mapped using the pinger data were subsequently gridded before being used to 
identify the thickness of seismic units in IHS Kingdom 8.8. These gridded horizons were 
produced using a 500 x500 m cell size and the flex gridding algorithm, in order to best 
represent the maximum amount of data available in the bay.  
Seismic profile depths were measured in Two-Way Travel Time (TWTT) and displayed in 
milliseconds (ms). For the conversion to depth the average acoustic velocity of the 
sediment cores was used. The average p-wave velocity for the 10 cores with MSCL 
measurements, was 1700m/s. In the water column, an average acoustic velocity of 
1500m/s was used to calculate the depth conversion. This is based on the speed of sound 
in seawater offshore of Ireland, as calculated by Shillington et al (2007). When gridding 
the top of each unit, with the exception of the seabed, the average velocity of sound in 
both the water column and sub-surface, which is 1600m/s, was used. An average was 
applied, as in order to reach the top of these horizons sound had to travel through both 
the water column and sub-surface. When gridding the seabed horizon, the average sound 
velocity through the water column, 1500m/s, was applied, while 1700m/s, the average 
velocity of the sediment cores in the bay, was used when converting the thickness of each 
acoustic unit from miliseconds to depth in metres. 
While all efforts possible were made to ensure the isopach maps were as accurate as 
possible, there are inherent errors associated with the creation of these maps. When 
either the upper or lower boundary of the unit is missing from the data, an average depth 
is assumed based on the overall grid. This can cause an averaging effect and may not be 
representative of the actual thickness of the seismic facies. 
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Chapter 4: Coastline and inshore geomorphology of Galway Bay, 
Western Ireland 
This chapter follows a different layout compared to the other chapters as it is intended 
for publication in Journal of Maps. It has been presented following the recommended 
style and word count indicated by the journal. Within the thesis, geomorphological 
mapping is used to understand modern day processes in the bay. This offers a baseline 
against which change since the last glacial period can be mapped. 
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1School of Geography and Environmental Sciences, Ulster University, Coleraine, Northern Ireland 
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Abstract 
A combination of multibeam bathymetry and backscatter, LiDAR, and modelled 
hydrodynamic data, alongside online satellite images, were used to map the seafloor and 
coastline features in Galway Bay (Western Ireland). This is the first time these multiple 
datasets have been integrated into a single geomorphological map, something which is 
then used to make inferences on how the features in the bay are affected by the modern 
oceanographic regime. The modelled current and wave maps show high current velocities 
in the inner-bay, between the Aran Islands, located at the mouth of the bay and along the 
northern shoreline, and lower velocities in the mid-bay area. The current and wave maps 
correlate well with the seabed features in the bay. The main depositional features include 
dunes and ripples, while the main erosional features include scouring and outcropping 
bedrock. The substrate of the bay is predominantly mud and sand with extensive 
outcropping bedrock around the coastline. Galway Bay has been shaped glacially through 
the extension and retreat of the British-Irish Ice sheet across the bay and the deposition 
of glacially derived and later marine sediment. Many of the geomorphological features 
mapped at the seafloor are however modern and current-induced, as shown by the 
relationship between the direction and intensity of the prevailing currents in the bay, and 
the location and shape of the depositional and erosional features. 
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4.1. Introduction  
Extensive seabed mapping has been carried out as part of the Irish government-funded 
initiatives to map Ireland’s Exclusive Economic Zone, beginning with the Irish National 
Seabed Survey (INSS, 1999-2005) and continuing as the Integrated Mapping for the 
Sustainable Development of Ireland’s Marine Resource project (INFOMAR, 2005-2019). To 
date, marine geophysical data (including opensource multibeam echo-sounder 
bathymetry and backscatter) have been collected in a large portion of Ireland’s territorial 
waters, including Galway Bay. The ability to map the seabed at high-resolution continues 
to improve our understanding of coastal and marine environments and processes. This is 
necessary for the development of marine infrastructure, such as submarine cables and 
equipment for renewable energy, as well as the management of marine resources (Poppe 
et al., 2006; Li and King, 2007; Barnard et al, 2013). Geomorphological maps have the 
potential to provide baseline data from which human and environmental changes over 
varying timescales can be monitored. They can also act as a tool for environmental 
management, risk assessment of various geomorphological hazards, and to improve our 
understanding of the overall terrain of an area. They are essential in order to implement 
practical landscape management at government levels and to promote sustainable 
development. 
In this paper, geophysical datasets are combined with satellite images, sea-floor samples 
and hydrological data and integrated into a single geomorphology map for the first time, 
providing a coherent picture of the coastline and seabed features in Galway Bay, located 
on the western Irish seaboard.  
 
4.1.1 Study Area  
Galway Bay is a large (62km long, 32km wide) marine embayment on the west coast of 
Ireland, between 53°02’N and 53°14’N and 09°00’W and 09°27’W. It is a high energy, 
storm-dominated system protected from the full force of the Atlantic Ocean by the Aran 
Islands (Inis Mór, Inis Meáin and Inis Óírr) at its western edge (Fig. 2) The bay encounters 
strong semi-diurnal tides, with a mean spring tidal range of >4.5m (Booth, 1975; Marine 
Institute, 2017). Hydrodynamic models show current speeds between the Aran Islands 
above 45cm/s in the ebbing spring tide, while wave models, based on wind speeds taken 
Chapter 4                   Coastline and inshore geomorphology of Galway Bay, Western Ireland 
 
67 
 
from the Mace Head atmospheric research station, show winter wave heights above 
250cm in the North and South Sounds and mid-bay areas (Joshi et al., 2017). 
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Figure 1: A geomorphology map of Galway Bay (main map), with smaller maps showing the LiDAR and bathymetry, backscatter, bottom currents and slope, from top to bottom on the right. 
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The primary inflow of Atlantic water into Galway Bay is through the South Sound, with 
outflow through the North Sound, creating a counter clockwise gyre (Harte et al., 1982; 
Lei, 1995). The main freshwater source at the head of the bay is the river Corrib, with 
volumetric flow rates usually exceeding 311 m3/s per year (OPW, 2012). Other freshwater 
inputs to the bay include submarine groundwater drainage streams along the northern 
shore at Spiddal and Barna and the Oranmore, Clarinbridge and Dunkellin rivers to the 
east and Caher to the south of the bay (Cave and Henry, 2011; Smith and Cave, 2012) (Fig. 
2).   
 
Figure 2: Bathymetric image of the study site showing the 0m contour line in black and sub-divided into 3 
geographical areas: inner bay, mid bay and outer bay. Examples of features identified in the bay are 
outlined in red and will be discussed in further detail below. 
 
The geology of the northern side of the bay is dominated by granite of the Caledonian 
Orogeny age, with the rest of the area (including the Aran Islands) made of Carboniferous 
Viséan limestone (Pracht et al, 2004). The landscape to the north and east of the bay is 
flat and low lying, with the majority of areas within 5km of the coastline generally below 
30m. In contrast, to the south, the landscape is hillier with peaks above 100m, allowing 
for a steeper coastline. A submarine fault runs across the northern side of the Bay 
(mapped by Clarke, 2013) (Fig. 1).  
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During the last glaciation Ireland was covered by the British-Irish Ice Sheet (BIIS) (Clark et 
al., 2017). This ice sheet extended as far as the shelf edge west of Ireland and resulted in 
a wide range of glacial landforms across the landscape. Near Galway city and along the 
north and south coast, drumlins are found onshore (GSI, 2013). Offshore, ~150km west 
of the study area, a large morainic complex has been mapped at mid-shelf (Peters et al, 
2015). Dating of this feature indicates that ice rapidly retreated onshore after 18.5ka BP, 
with all low-lying areas ice-free by 15ka BP (Ballantyne and Ó Cofaigh, 2017; Peters et al., 
2016).   
 
4.2 Materials and Methods  
Multibeam bathymetric and backscatter data were acquired by the INFOMAR programme 
between 2006 and 2014 on board the RV Celtic Voyager using a Kongsberg Simrad 
EM3002D multibeam echosounder (300kHz). These data were processed and tidally 
corrected using CARIS HIPS & SIPS and gridded at 5m resolution by INFOMAR. LiDAR 
(Light detection and ranging) altimetry data were collected for INFOMAR between 2006 
and 2010 by Tenix LADS Corporation. These datasets were combined to create a detailed 
altimetric/bathymetric map of Galway Bay that was used, together with backscatter 
classification (INFOMAR, 2011), satellite images and lithological data (Google Earth, 2017; 
INFOMAR, 2011), to identify and map submarine landforms and coastline types. Shaded 
relief with vertical exaggeration (x10) and different illuminations were generated in ESRI 
ArcGIS 10.1 to aid the interpretation of landforms. In order to avoid azimuth biasing, 
features were considered with multiple illuminations as well as without azimuth (Smith 
and Clark, 2005; Hillier and Smith, 2008). Contour lines (10m spacing), slope angle and 
aspect were derived using the spatial analyst extension tool to aid geomorphological 
interpretation. The profiling tool was used to derive information on geometric properties 
including wavelength, amplitude, symmetry and slope (cf. Ashley, 1990; Van Landeghem 
et al., 2009).  
The substrate classification included in the map (Fig. 1) is derived from the interpretation 
of multibeam echosounder (MBES) bathymetric and backscatter data for subtidal depths 
>20m and the interpolation of biological samples and subtidal and intertidal data traced 
from orthoimagery and LiDAR datasets. Rock outcrops have been traced from 
orthoimagery, LiDAR data and MBES bathymetric shaded relief data. An automated 
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classification of the MBES data using QTC Multiview resulted in acoustic classes 
corresponding to different sediment types. These sediment types were then 
groundtruthed with subtidal grab samples (carried out by the Marine Institute) to 
produce a sediment map of the subtidal area. The traced rock outcrops, subtidal 
sediment map and the results of the point interpolation were then merged. All maps 
were translated to a modified Folk class and protected habitats were also attributed. 
Once standardised, the datasets could be displayed together as a single habitat map 
layer.  
Modelled current data for the Greater Galway Bay area were provided by the Marine 
Institute. The model used is an implementation of the Regional Ocean Modelling System 
(ROMS), as described by Jackson et al. (2012). The model bathymetry is based on the 
INFOMAR dataset. It has a horizontal resolution of 200 metres and 20 vertical levels. It 
provides depth-averaged and three-dimensional velocity fields at a temporal resolution of 
three hours. The model includes atmospheric and tidal forcing, and climatological river 
input. For this study, one year of data were used to calculate mean and maximum depth-
averaged and bottom velocities for Galway Bay. Two different grids were applied to the 
bottom and depth-averaged current data. A 1000m grid resolution was interpolated for 
current velocity data for the entire bay, while a 200m grid resolution was used to closely 
investigate the relationship between hydrodynamic forces and specific seabed landforms 
(Fig. 4 to 8). Modelled wave orbital velocities were taken from the regional wave model 
(SWAN) supplied by the Marine Institute. The domain covers all of Irish waters in the 
northeast Atlantic at a resolution of 0.025 degrees and is available at three-hourly 
intervals. For this study, one year of data was used to calculate mean orbital velocities. 
The model outputs provide an overview of the general trend of the bottom and depth-
averaged currents, and the mean speed of the orbital wave velocity at a 2800m grid 
spacing (Fig. 3). The arrows in all grids indicate the most frequent flow direction, while 
the speed is represented on a colour scale from slow (green) to fast (red). The 
geomorphology map (Fig. 1) shows the average current velocity, while the current maps 
(Fig. 3) show the maximum velocities, as both are important in the process of forming and 
maintaining depositional/geomorphological features.   
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Figure 3: (A) maximum residual depth-averaged current velocity with 200m gridline spacing, (B) mean 
orbital wave velocity with a 2800m gridline spacing and (C) maximum residual bottom current with a 200m 
gridline spacing. 
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4.3 Results and Discussion 
4.3.1 Hydrodynamic modelling  
Across Galway Bay, the mean bottom current ranges from 0.01cm/s to 10cm/s (Fig. 1) 
with the highest velocities occurring around the Aran Islands, near the headland of Black 
Rock, in the inlets of the inner-bay and along the north shore. The average mean velocity 
is ~1cm/s, while the maximum bottom current can reach up to 130cm/s (Fig. 3A). The 
mean depth-averaged currents range between 0.01cm – 17cm/s, while the maximum 
depth-averaged current reaches up to 230cm/s (Fig. 3B). The highest average velocities 
follow the same overall pattern as the bottom currents, with the area around the Aran 
Islands, the inner-bay inlets and Black Rock headland showing the highest speeds. 
However, the influence of the various streams and rivers, particularly the river Corrib, can 
be seen in the inner-bay, with higher speeds in these areas evident in the depth-averaged 
current (Fig. 3A) and with the velocity through the North Sound reaching a maximum of 
230cm/s. The orbital wave velocity is highest in the inner-bay area, near Kinvarra Bay, in 
the North Sound and along the northern shoreline, reaching an average velocity of 
20cm/s (Fig. 3C). The lowest wave velocities occur behind the Aran Islands and towards 
the mid-bay area (Fig. 3C). This is likely due to the islands forming a barrier from the 
ocean force. There is a general movement of water towards the east and north east (Fig. 
3B). Gyres are present in the bottom current model in the mid- and inner-bay areas as 
well as along the northern shoreline (Fig. 3A). This circulation pattern correlates with the 
presence of outcropping bedrock and coastal inlets, as the water flows fastest around 
these features. The contrast between the directions of the bottom- and depth-averaged 
currents suggests that the bedrock outcrops are influencing the circulation of bottom 
water in the bay, by forcing it in a different direction compared with other areas along the 
Irish Coast, Galway Bay encounters relatively low current speeds (O’Rourke et al., 2010).   
 
4.3.2 Coastline mapping 
Rocky shores, defined as areas composed mainly of boulders and cobbles, are present 
along large stretches (up to 75%) of the coastline around the bay. They are the dominant 
coastline feature, particularly in the outer-bay and around the Aran Islands, where the 
maximum depth averaged current velocities are strongest, up to 230cm/s. Sandy beaches 
are found mainly in the inner-bay, especially around the river Corrib, and other smaller 
Chapter 4                   Coastline and inshore geomorphology of Galway Bay, Western Ireland 
 
74 
 
rivers and streams. The input of sediment from rivers, as well as the strong tidal and 
medium wave energy constantly acting upon the inner bay, are interpreted as the reason 
for the formation of the beaches. Coastal rock cliffs are found only along the southern 
side of the bay, beginning just east of Rathmorgan and continuing intermittently as far as 
the outer bay. They are located where the current velocities are highest (140-170cm/s) 
and wave velocities are of medium (7-10cm/s) strength (Fig. 3) and appear only in the 
higher elevation limestone areas. This correlates with previous studies which suggest that 
the geology, wave and current action and ground and surface water runoff are the major 
drivers in the formation of cliffs (Sunamura, 1992; Benumof and Griggs, 1999; Pierre and 
Lahousse, 2005).  
 
4.3.3 Substrate classification 
Bedrock outcropping at the seafloor is clearly visible on both the bathymetry and 
backscatter (Fig. 1), particularly in the North and South Sounds, eastwards of the Aran 
Islands, in the inner-bay areas near Twain Island and in particular along the northern 
coastline. In total, ~20% of the seafloor of Galway Bay consists of exposed bedrock. 
These outcrops are dominated by very high backscatter levels and tend to protrude 10-
15m above the immediate surrounding areas, with slope angles >23˚ on most of the 
outcrops (Fig. 4). North of the fault line, the outcrops are expected to be granite and 
south of the fault line of limestone. Medium orbital wave velocity 
(16cm/s) and high current velocities for both bottom (~100cm/s) and depth-averaged 
(~170cm/s) currents, correspond with the outcropping bedrock in the North and South 
Sounds as well as the inner-bay areas.  In the mid-bay area there are only a small number 
of examples of outcropping bedrock (Fig. 4), and the bottom current velocities tend to be 
much lower (~40cm/s). This suggests that the bedrock is influencing currents in the bay, 
resulting in sediment erosion or transport from the bedrock areas. 
Coarse sediment, defined as material consisting of cobbles, pebbles and coarse sand, is 
predominantly found in the mid-bay and to the north east of Inis Meáin and Inis Óírr, 
covering ~10% of the bay. The coarse sediments are found around areas of outcropping 
bedrock and scouring where there is medium average bottom current velocity (~1.5cm/s) 
(Fig. 1), suggesting a link. Along the north coast, the coarse sediments frequently occur 
near the mouth of the rivers originating from Connemara, and it is possible that the 
coarser material has been transported from this area into the bay via fluvial processes. In 
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the mid bay area, there are patches of coarse sediment that do not appear to be 
connected to any landform in the bay and lie in areas of low current and wave velocities. 
It is likely these coarse sediments are related to the recorded occurrence of severe storms 
that can mobilize coarse sediment to depths beyond the effect of fair-weather waves and 
currents (Williams and Hall, 2004). There have also been studies on the connection of 
gravel patches and palaeo-channels (Browder and McNinch, 2006). As there is a palaeo-
channel running along the northern coastline of the bay (See Chapter 5), this may be 
influencing the position of the coarser sediment in this area. 
 
 
Figure. 4: Cross section and bathymetric image of outcropping limestone bedrock, located in the outer 
central bay area. 
 
Sand in the bay makes up ~25% of the surficial sediment and tends to surround areas of 
coarser material (Fig. 1). The mid-bay appears to have the highest concentration of sand, 
which extends toward the outer bay in an elongated pattern along the northern coastline. 
It is found across a range of current velocities, from high to low, in both the bottom and 
depth averaged currents. One possibility for an abundance of material of this grainsize is 
that it is being introduced from the Corrib River and transported and deposited outwards 
along this area.  
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Mixed sediment covers only a small area in the inner bay (~5%), coinciding closely with 
the distribution of terrestrial streams in the same area (Fig. 1). It is probable this material 
is the result of fluvial deposition from these active channels, as there does not appear to 
be any obvious relationship within the current velocity data. 
Mud/Muddy sand is the dominant sediment in the bay, covering ~35% of the total bay 
area. It is present across the entire area, but much less dominant in the inner bay. It is 
found only in areas where the average current and wave velocities are low (0.1-0.9cm/s) 
and never in areas where the average bottom current velocity exceeds 1.5cm/s (Fig. 1). 
This suggests that the muddy sediment is relatively cohesive, and the current speeds are 
not strong enough to transport or erode it (cf. Wu et al., 2011).  
 
4.3.4 Habitat mapping 
Maerl is a calcareous, free-living, red algae (rhodolith) that provides a niche habitat for an 
abundance of shallow water marine life. Zostera is a type of seagrass found in shallow 
marine environments across the world. Like Maerl, Zostera plays an important role in 
maintaining biodiversity (Dale et al., 2007) and both are protected under annex V of the 
EC Habitats Directive (EC Council Directive 92/43/EEC). Both these benthic species thrive 
in the euphotic zone and on hetrogeneous sediment types (De Grave, 1999). Collectively 
they compose ~5% of the substrate in Galway Bay and are found <20m in depth and only 
in the very inner bay areas and in some of the Connemara inlets. The average bottom 
current in these areas is of medium velocity ranging from 1.4 to 3cm/s (Fig. 1), while the 
maximum wave velocity is also of medium strength at 16cm/s (Fig. 3B). This moderate 
velocity appears to provide an environment where the Maerl and Zostera communities 
are protected from the destructive force of waves and currents, yet fine sediment does 
not get a chance to settle on and smother them (Wilson et al., 2004).  Maerl and Zostera 
can be found on a range of sediments, however, in Galway Bay they are predominantly 
found on a sandy substrate. 
 
4.3.5 Submarine bedforms and landforms   
The individual morphological features recognised in Galway Bay are discussed in the 
following sections. Most submarine landforms occur in the inner- and outer-bay areas 
and are defined by there shape and dimensions (Table 1). In the centre mid-bay area, no 
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distinct bedforms are present. This may be due to constant mobilisation by waves and 
currents, as there is sediment in this area. 
 
Table 1: Summary statistics on dimensions and other characteristics of submarine bedforms and landforms 
in Galway Bay. 
 
 
4.3.5.1 Channels  
There are meso- and macro-scale channels in the bay. The meso-scale channels are 
smaller channels and are confined to the inner-bay and to some areas along the northern 
coastline (Fig. 1), where runoff, flowing southwards from Connemara, has exploited 
existing cracks through the bedrock in the outer-bay. These channels are up to 14m deep, 
460m in width and are clearly visible in the bathymetry and LiDAR data in intertidal areas. 
All channels have sides with slopes >10˚ and in most cases >39˚. Many of these are either 
active channels or they are an indication of former active channels during periods of 
lower than present sea-levels in the bay. 
Feature Length 
(m) 
Width 
(m) 
Depth/Height 
(m) 
Lee 
Slope (o) 
Stoss 
Slope (o) 
Sediment 
type  
Symmetry / shape 
Channels 
(meso 
scale) 
Variable- 
extending 
inland 
2 - 460 0.5 - 14 Variable 
-
generally 
> 39 
Variable 
-
generally 
> 39 
- Slightly sinuous 
Lee Dunes 950 - 
1370 
133 - 
175 
1 - 3 4.3 - 5 1.1 - 5 Sand Asymmetrical with 
rounded crest 
Linear 
Dunes 
924 130 1.5 5 2.5 Mixed Slightly asymmetrical 
with rounded crest 
Transverse 
Dunes 
60 - 80 250 1.8 – 2.5 6.6 
(large) 
7.5 
(small) 
1.8 
(large) 
5 (small) 
Coarse/sand 
(large)  
Sand/mixed 
(small) 
Crescentic (large) 
Sinuous/symmetrical 
(small) 
Both with rounded 
crest 
Sand 
waves 
403 - 822 58 - 120 1.5 - 8 3.75 – 
26.5 
7.15 - 
30.5  
Sand Symmetrical with 
sharp crests 
Ripples 70 - 390 6 - 25 0.1 – 0.5 Variable Variable Sand Linear 
Marine 
Terraces 
Up to 
55,000 
Variable Variable Variable Variable Sand Slightly sinuous 
Scouring Variable Variable 0.3 – 0.6 Variable 
– 
generally 
>45 
Variable 
– 
generally 
>45 
- Variable 
Pockmarks <16 - 80 <16 - 80 0.5 - 8 <13 - 
>23 
<13 - 
>23 
- Circular/Oval 
Drumlins 185 - 
1500 
60 - 300 2 - 6 Variable Variable Mixed Elongate 
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The macro-scale channels are much larger, over 15m in depth and 1km in width (the 
Sounds, Fig. 1 (represented only by name-not in blue)), that exist between the Aran 
Islands and the mainland. The North and South Sounds, as well as, to a lesser extent, the 
Gregory’s and Foul Sounds provide the inlet for oceanic water into the bay and control 
the current circulation in the bay. The North Sound is the deepest channel in the bay, 
reaching a depth of 77m, and extending as far east as the mid-bay at Spiddal, more than 
30km in length. This channel is located along a fault line, where the contact point 
between the granite and limestone could make it prone to erosion by current 
oceanographic processes and the past advance and retreat of the BIIS across the region.  
 
4.3.5.2 Subaqueous dunes  
Subaqueous dunes are defined by Ashley (1990) as large flow transverse bedforms with 
heights >0.075m and spacing >0.6m. These bedforms are good indicators of the hydrology 
of an area, as they are controlled by flow depth, grain size, current velocity and direction 
(Mazumder, 2003; Rubin and McCulloch, 1980). Dunes are present only in the inner-bay 
areas and are located near the bedrock outcrops. They can be classified as transverse, lee 
and linear dunes.  
Lee dunes are commonly formed on the leeward side of an obstacle, with double lee 
dunes forming as an elongate pair on the lee side of an obstacle (Huggett, 2011). One 
example of a double lee dune is found in Galway Bay north of Rathmorgan along the 
coastline of Co. Clare (Fig. 5A). It ranges in height from 1 to 3m and in 
width from 133 to 175m.  The obstacle in this case is topographic, in the form of 
bedrock.  The double lee dune is straight, elongated (up to 921m in length) and 
slightly asymmetrical with rounded crests, with stoss slopes between 1.1˚ and 1.5˚ and 
lee slopes between 4.3˚ and 5˚. While there is no backscatter data for the lee dunes, the 
area beside them has a medium backscatter return and based on the classification of 
substrate in the bay, is composed of sand (Fig. 1). It is inferred that the 
dunes are therefore likely composed of sand. The bottom and depth-averaged currents 
are flowing in different directions over them. Based on the dune morphology, relatively 
shallow depth and the higher current velocity, the depth-averaged currents flowing 
parallel to the dunes appear to be more significant than the bottom currents in their 
formation.  
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Linear dunes form parallel to the flow direction and the only example here is an isolated 
dune located between outcropping bedrock (Fig. 5B), north of Aughinish Island. It 
is 1.5m in height and 924m in length. This dune is slightly asymmetrical with a 
rounded crest. The stoss slope is 2.5˚ while the lee slope is 5˚. There is a slight change of 
direction in the currents towards the eastern end of the dune indicating a more northerly 
flow direction and possibly causing the observed sinuosity in the dune (cf. Bristow et al., 
2000). While there is no backscatter available for the dune, the nearest area shows a high 
backscatter return and the substratum is composed of mixed sediment, maerl and 
seagrass (Fig. 1), suggesting a mixed sediment composition for this dune.  Both the depth-
averaged and bottom currents flow parallel to this dune, typical of the flow over any 
linear dune.  
 
 
Figure 5: Cross section and bathymetric image of (A) double lee dunes, (B) linear dune, (C) large transverse 
dune and (D) small transverse dunes. The black arrows indicate bottom current direction while the red 
arrows indicate depth-averaged current direction. The image shows both currents on a 200m grid using the 
most frequent direction. The pink line represents the 0m contour line. 
 
Transverse dunes form transverse to the flow direction and have an asymmetrical ridge. 
There are two transverse dunes visible in the inner bay directly north of Ballyvaughan, 
Chapter 4                   Coastline and inshore geomorphology of Galway Bay, Western Ireland 
 
80 
 
which range from 1.8 to 2.5m in height and from 60 to 180m in length. The larger 
dune (Fig. 5C) is crescentic in shape with a rounded crest. The stoss slope is 1.8˚ while the 
lee slope is 6.6˚. Backscatter data that partially covers this dune and the surrounding area 
shows a high backscatter return. The large dune is thus predominantly composed of 
coarser material, however, based on the classification map, there is sand on its northern 
side (Fig. 1). The smaller dune (Fig. 5D) is sinuous in shape, more symmetrical and 
rounded at the crest, with a stoss slope of 5˚ and a lee slope of 7.5˚.  The dune is 
composed of sand and mixed sediment based on the backscatter and classification maps 
(Fig. 1). The smaller transverse dune has bottom and depth-averaged currents flowing in 
similar directions, while the larger dune shows bottom and depth-averaged currents 
flowing in opposite directions. As both features show the typical morphology of a 
transverse dune and appear to be orientated transverse to the bottom current, the 
bottom currents rather than the depth-averaged currents must contribute to the shaping 
of these features. 
 
4.3.5.3 Sand waves  
Sand waves differ from subaqueous dunes in that they are formed under reversing flows 
with an average velocity of 30-75cm/s (Allen, 1980; Stow et al., 2009). They are the most 
common feature in shallow shelf environments with an average wavelength of 5 to 500m 
(Stow et al., 2009) and average height of 2-5m, although larger sand waves are also found 
(Ashley, 1990; Terwindt, 1971).  Sand waves in Galway Bay are confined to the area 
between Inis Meáin and Inis Mór, with four examples identified in the data (Fig. 6A). 
These measure up to 8m in height and 120m in width.  They are all symmetrical with 
sharp crests, transverse to the flow direction. Three of the sand waves are straight and 
one has a more crescent shape. They all have slopes between 3.75˚ and 30.5˚, with the 
slip faces >55˚. They are located in areas of low backscatter intensity (Figure 4.6B) and are 
most likely composed of sand (Fig. 1). The strong semi-diurnal tide and accelerated flow 
between the islands in the bay provides a perfect environment for their formation (cf. 
Van Landeghem et al., 2009).    
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Figure 6: (A) bathymetry and (B) backscatter data in the area of the sand-waves; (C) bathymetry and (D) 
backscatter of the ripples; all including cross sections. The black arrows indicate bottom current direction 
while the red arrows indicate depth-averaged current direction. The image shows both currents on a 200m 
grid using the most frequent direction.  
 
4.3.5.4 Ripples  
Generally, based on their dimensions, ripples can be distinguished as ‘ordinary’ ripples or 
mega-ripples. Ordinary ripples are defined as depositional features with wavelengths 
between 0.1-0.6m and heights between 0.02-0.1m (Stow et al., 2009), and develop in 
sediments finer than 0.7mm (Mazumder, 2003). Mega-ripples are larger, with 
wavelengths of 1 - 25m and heights of 0.1 - 1.5m (Ashley 1990; Gallagher, 2003). All 
ripples identified in Galway Bay are classified as mega-ripples based on their dimensions 
(Fig. 6C). 
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Found on the landward side of the Aran Islands, in front of the strait between Inis Meáin 
and Inis Mór, transverse to the flow direction, the ripples extend over an area of 2.5km by 
3km. These bedforms are up to 0.5m in height and 20m in wavelength. The steepest slip 
face angle is up to 10˚. They are generally linguoid in form and asymmetrical with sharp 
crests, fitting the morphology of ripples formed by currents rather than waves (cf. Selley, 
2000; Stow et al., 2009) and the faster restricted currents between the Aran Islands are 
believed to account for the linguoid shape. All ripples show a very low backscatter return 
but are surrounded by higher backscatter levels (Fig. 6D), suggesting the ripples are 
composed of mud and sand and surrounded by gravel and bedrock (Fig. 1). 
 
4.3.5.5 Submerged marine terraces  
Along the northern edge of the bay from Spiddal to Lettermullan several ridges, up to 
55km in length are observed (Fig. 1). They show a seaward drop of ~5m from a relatively 
flat platform on the landward side. The ridges from Spiddal to Rossaveel have medium to 
low backscatter values suggesting they are composed of mud and sand. The ridges further 
eastwards have higher backscatter values and therefore are composed of sand. They 
occur where wave velocity is of medium strength (9-17cm/s) and average current 
velocities low (0.08-0.6 cm/s). Using sea-level reconstructions for the region (Bradley et 
al., 2011), the depth of the marine terraces at ~20m and ~27m matches well with sea-
level positions between 11 - 14ka BP, a time of lower sea-level that was experiencing a 
stable period of sea-level rise. Due to their shape, depth and parallel position to the 
shoreline, it is believed that these ridges are therefore marine terraces (Reis et al., 2013; 
Martinez-Martos et al., 2016), submerged by rising sea levels and that they represent 
palaeo-shorelines.  
 
4.3.5.6 Seafloor scouring  
Scour marks are defined as local depressions as a result of local-non-uniform flow over 
the seabed, around a topographic obstacle (Whitehouse, 1998; Maity and Mazumder 
2014).  Scouring is visible on both the bathymetric and backscatter data around the 
bedrock outcrops west of Black Rock Headland and to a lesser extent in the North and 
South Sounds. The scour marks are all <1m deep, ranging between 0.3 - 0.6m (Fig. 7) and 
are composed of coarser sediment, suggesting that the finer sediment has been 
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winnowed away. The clear association with the bedrock outcrops in the area suggests 
that this is an influential factor in the scouring, possibly due to increased current 
velocities forced between these outcrops. 
 
 
Figure 7: Cross section and bathymetric image of scouring around bedrock in the mid-bay. The black arrows 
indicate bottom current direction while the red arrows indicate depth-averaged current direction. The 
image shows both currents on a 200m grid using the most frequent direction. 
 
4.3.5.7 Pockmarks  
Pockmarks are concave, conical depressions commonly found along continental margins, 
shallow waters and deep-water basins worldwide (Sumida et al., 2004; Rogers et al., 
2006; Wenau et al., 2017). In Galway Bay they 
are found exclusively near Rathmorgan along the southern coastline and west of 
Barna along the northern coastline. In the north, only five small (<16m in 
diameter) pockmarks are visible in the bathymetric data, while in the south there is a 
slightly higher concentration, ranging from 20-80m in diameter and 0.5-8m in depth (Fig. 
8). The larger pockmarks have steep side angles >23˚, while the smaller pockmarks’ 
sides are <13˚, and all are circular. Pockmarks are generally formed by fluid or gas 
discharge (Ussler et al., 2003).  Most reported cases of pockmarks are caused by methane 
gas (Hovland et al., 2010). This is a possibility for Galway Bay, as gas pockmarks have been 
discovered in numerous locations on the Irish shelf, including Dunmanus Bay in the 
southwest and on the Malin Shelf in the northwest (Monteys, 2008; Szpak et al., 
2012). The dimensions and association with finer-grained sediments correlate well 
with those in Dunamanus Bay, which may suggest a similar formation mechanism of 
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hydrocarbon expulsion through the sediment (Szpak et al., 2015). The pockmarks in the 
bay do not appear to correlate to wave or current velocities in either location or shape, 
occurring as both circular and elongated under both fast and slow flow conditions.   
 
 
Figure 8: Cross section and bathymetric image of the largest pockmark visible in the bay. Artefacts are 
visible in the data to the south of the pockmarks. 
 
4.3.5.8 Drumlins 
Drumlins are elongate oval mounds, generally composed of mixed sediments, formed 
beneath an ice sheet and streamlined in the direction of the ice-flow (Clark et al., 2009; Ó 
Cofaigh et al., 2016). Onshore drumlins (Fig. 9A) are found in the inner area of the bay 
(Fig. 9B) and range from ~60-300m in width and ~185-1600m in length. The submerged 
drumlins (Fig. 9B) follow the same morphology and orientation as those on land at the 
head of the bay. Their dimensions range from 140-250m in width and 450-1500m in 
length. Reworking and flattening of their tops is visible, likely due to their position in the 
surf zone. The vast majority of the drumlins in the offshore region of Galway Bay are NE-
SW aligned and are characterised by high backscatter intensity and are composed of 
coarse or mixed sediments (Fig. 1).  
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Figure 9: (A) Drumlin field visible onshore (white box) and a zoomed out inset of image B (red box). The 
black line represents the 0m contour and present day coastline. (B) Cross section and bathymetric image of 
drumlins visible in the bay. Artefacts are visible in the data to the north and west of the drumlins.  
 
These features display the same morphology of drumlins found in both the Irish and UK 
terrestrial and marine landscapes (Benetti et al., 2010; Clark et al., 2009; McCabe and 
Dunlop, 2006; Ó Cofaigh et al., 2002). The drumlins visible in the bay are an extension of 
those mapped on land in Co. Galway and Co. Clare (McCabe, 1989) and their orientation 
suggests ice flowing in an offshore direction.  
 
4.4. Conclusion  
The first geomorphological map of Galway Bay, based on bathymetric, backscatter, 
altimetry data and sediment samples, shows that the majority of depositional features, 
including ripples and sandwaves, are located near the Aran Islands, with a few lone dunes 
in the inner bay. Erosional features, such as scouring and outcropping bedrock, are 
located mainly in the outer bay. Bottom and surface currents as well as wave action all 
play an important part in the hydrology of the bay, with the depth-averaged currents 
being more influential on the geomorphology in the shallower inner-bay and bottom 
currents more influential in the deeper mid- and outer-bay. The bottom currents show a 
circulation pattern from the south to the north, entering through the South Sound and 
exiting through the North Sound (Fig. 1 & 2). Between the Aran Islands, current velocity is 
at its highest as water from the Atlantic Ocean is pushed through the narrow channels 
causing acceleration. The areas that show higher velocity currents are those that have the 
highest concentration of erosional features, suggesting active transport and erosion. A 
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clear build-up of muddy sediment, behind the bedrock outcrops in the mid-bay in an 
eastward direction and in the inner bay in a westward direction, may represent tidal 
movement in the bay. The drumlins and marine terraces of Galway Bay were created 
many thousands of years ago, whilst the majority of the other submerged landforms 
visible in the bay appear to be due to present-day hydrological influences or 
geomorphologic controls.  
This geomorphological map provides a complete picture of the landforms in the bay and 
an indication of their formation mechanisms, thanks to the connection with hydrological 
models. However, it is important to note that some of the data used were collected over 
10 years ago. Based on our interpretation of the landforms, it is possible for these 
features to undergo evolution or migration under current hydrodynamic conditions. This 
research therefore provides a base map for future assessment of sediment mobility in the 
bay through, for example, repeat surveys and the ensuing analysis of time-series data. It 
also provides a practical resource in order to promote sustainable development in the 
bay, in particular with regards to the planned extension of Galway harbour and for the 
proposed establishment of renewable energy sources (wind turbines) within the bay.
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Chapter 5: Results 
This chapter outlines the results from the analysis of the seismic data and sediment cores. 
The results of a detailed analysis of the available seismic data are presented first. This is 
followed by the chronological analysis from 18 radiocarbon dates taken at various points 
across a number of sediment cores. Following the presentation of the radiocarbon dates 
is the sedimentological analyses; ordered by lithological, biological and then chemical 
analysis. Only the most representative cores are shown here, however, logs and data for 
all cores are available in the appendix (Appendix 1). Finally, a sequence stratigraphy based 
on geographical position in the bay is presented. 
 
5.1 Seismic Results 
The seismic lines used in this study were of variable quality. Of the ~800 lines available 
for the bay, only a third were of sufficient quality to allow detailed analysis. The lines 
southwest across the North Sound and the lines extending southwest from the inner bay 
through the South Sound where of the highest quality and are the ones primarily used in 
the analysis of seismic units and reflectors (Fig. 5.1, 5.2, 5.3 & 5.4).  
The seismic lines in the rest of the bay where used to determine main seismic horizons 
and to produce grids and isopach maps of the units (Fig. 3.5). It is important to note that 
these grids and maps were produced using polygons across 500m grids and as such data 
that were missing from some of these areas have been interpolated, which may have 
caused slight errors. Acoustic penetration ranges from 20 to 100ms and the deepest 
penetration occurs in the North Sound. There are 3 distinct seismic units found in Galway 
bay with different acoustic characters and distribution. These are discussed in the next 
sections.
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Figure 5.1: Map showing the 3 sections of the bay (Inner, Mid and Outer) outlined in purple, with sub sections (North Sound, South Sound and Central Bay) outlined in 
green. The cores from CV13031 are shown in pink and 3 of the highest quality seismic lines in the bay are shown in red. 
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Figure 5.2: Seismic line 1 extending northeast from Inishmor across the inner area of the North Sound showing all seismic units in the bay. Green reflector: represents 
the top of unit 1. Red Reflector: represents the top of unit 2. Yellow reflector represents the top of sub-unit 3a. Blue reflector: represents the seafloor. 
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Figure 5.3: Seismic line 2 through the inner bay showing the channel that extends westwards. Zoomed-in image clearly shows infilling in this channel. Green reflector: 
represents the top of unit 1. Red Reflector: represents the top of unit 2. Yellow reflector represents the top of sub-unit 3a. Blue reflector: represents the seafloor. 
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Figure 5.4: Seismic line 3, extending from the inner bay south west to the South Sound, showing prograding clinoforms in the northeast. Green reflector: represents the 
top of unit 1. Red Reflector: represents the top of unit 2. Yellow reflector represents the top of sub-unit 3a. Blue reflector: represents the seafloor.
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5.1.1 Unit 1 
This unit is the deepest and represents the acoustic basement in much of the bay. The 
upper boundary of unit 1 is an unconformity and is the strongest acoustic reflector after 
the seabed. Its upper surface is marked by a high amplitude, continuous reflector (Fig. 
5.2, 5.3 & 5.4). The unit itself is represented by chaotic internal bedding structures. The 
top of this unit extends from 14m to 70m below the sea surface (Fig. 5.5A). It is visible 
throughout nearly the entire bay with the exception of the central mid and inner bay 
areas. To the north of the fault line, the unit appears much more transparent, although 
structures that are visible are still chaotic in character. The overlying strata onlap onto 
this unit. Throughout much of the North and South Sounds, this unit either represents the 
seabed or lies immediately underneath it. The outer central bay also has numerous 
outcrops and areas where the basement lies directly underneath the seafloor (Fig. 5.4). 
None of the cores penetrated this acoustic unit. The topographical profile of this unit is 
similar to the modern-day topography in the outer North and South Sounds and the outer 
central bay (Fig. 5.5), as it is outcropping and forms the seafloor in these areas. However, 
it is clearly located much deeper than the current seabed in the mid bay region and in the 
inner Sounds, forming a depositional basin. It is not visible on the seismic data inland of 
Blackrock headland, suggesting it must be positioned below the limit of acoustic 
penetration in this area.
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Figure 5.5: Grids showing the extent of the upper boundaries of all seismic units in Galway Bay. A) grid of the top of unit 1 topography, B) grid of the top of unit 2 
topography, C) grid of the top unit 3a topography, D) grid of the top unit 3b topography. This data has been interpolated using a 500m griding parameter and slight 
errors may exist.
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5.1.2 Unit 2 
This unit infills the depressions found in Unit 1, smoothing its topography (Fig. 5.3 & 
5.4). The upper boundary of unit 2 is an unconformity, found between 17 and 66m 
below sea-level (Fig. 5.5B) and is represented by a strong, high amplitude reflector. It 
is present in much of the inner and mid bay but tapers out near the west of the North 
Sound and is almost entirely missing from the outermost South Sound, where unit 1 is 
predominant. This unit is characterised by hummocky and chaotic/contorted 
discontinuous reflectors. This unit ranges from 0.5 to 16m in thickness (Fig. 5.6A), in 
areas where both the upper and lower boundaries have been identified. The isopach 
maps of this unit show that deposition is thickest along the southern edge of the North 
Sound, where the underlying unit is characterised by depressions, while it appears to 
be a much thinner in the South Sound (Figure 5.5A). It is absent from the acoustic 
basement highs in the central bay and North and South Sounds.  
This unit onlaps the underlying unit 1, while the unit above (unit 3) drapes and infills it. 
There is also evidence of both diffraction hyperbolae and a channel along the northern 
coastline (Fig. 5.3). None of the sediment cores in this study penetrate this unit.  
 
5.1.3 Unit 3 
Unit 3 is directly below the seabed surface and is the youngest seismic facies. It has 
much lower amplitude reflectors than the other units and is divided into 2 sub-units, 
Unit 3a and Unit 3b. Both consist of sediment draped over the underlying unit. Overall 
unit 3 is up to 14 m thick and it is found across all of the bay, with the exception of the 
areas in the North Sound where unit 1 is outcropping (Fig. 5.5C & 5.5D).  
Sub-unit 3a overlies unit 2 and is the thicker of the sub-units, measuring up to 12.5m 
in thickness (Fig. 5.6B). It is comprised of low frequency, medium amplitude reflectors. 
The upper boundary of this unit is found between 18 and 58m below the sea-level (Fig. 
5.5C) and is a medium amplitude, continuous reflector in concordance with the 
overlying strata. The internal structure of this unit is characterised by continuous, 
wavy, parallel/ sub-parallel to lenticular reflectors (Fig. 5.2, 5.3 & 5.4). 
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Figure 5.6: Isopach map of (A) unit 2, (B) unit 3a and (C) unit 3b showing the extent and thickness of this 
unit in the bay. 
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Based on the isopach map (Fig. 5.6B) this sub-unit is found predominantly in the inner bay 
area and is absent almost entirely from the South Sound and the outermost North Sound, 
as well as much of the central bay around the Aran Islands. Sub-unit 3a onlaps the unit 
below with westward dipping reflectors visible in the inner and mid bay. Sub-unit 3a is 
infilling the channel cut in unit 2 (Fig. 5.2 & 5.3) and is thickest in this channel, the inner 
bay and on the southern edge of the North Sound. The thinnest deposition of this unit is 
in the mid-bay area which is generally <6m. This unit does not cover any of the highs of 
the basement unit in the bay. None of the sediment cores in this study penetrate sub-unit 
3a.  
Sub-unit 3b is the thinnest unit in the bay, with a maximum thickness of 8.5m based on 
the isopach map (Fig. 5.6C). Its upper boundary is between 17 and 77m below sea-level 
(Fig. 5.5D) and forms the current seafloor in most of the bay, with the exception of some 
areas in the North and South Sounds where it is not visible in the data (Fig. 5.4 & 5.5), due 
to outcropping of unit 1. It is characterised by internal reflectors that are mostly 
continuous, wavy, and parallel to sub-parallel. Sub-unit 3b is composed of lower 
amplitude and higher frequency reflectors than sub-unit 3a and onlaps onto the unit 
below. In the mid-bay and into the South Sound, southwest oriented lines show that 
clinoforms are present. These are prograding in a sigmoid configuration (Fig. 5.4). Sub-
unit 3b is found predominantly in the mid and inner bay area and is absent almost 
entirely from parts of the South Sound and the westernmost North Sound, as well as 
much of the central bay around the Aran Islands. It drapes the underlying sub-unit 3a and 
is thickest in the inner and mid bay areas where sub-unit 3a is also present (Fig. 5.6B & 
5.6C). All the sediment cores from this study are found within sub-unit 3b. 
 
5.2 Geochronology Results 
Radiocarbon dates where obtained from 18 samples across 10 cores, providing dates 
across 5 of the subsequently identified lithofacies (Table 5.1). As radioxarbon dates, 
alongside the other analyses, were used to help construct the final lithofacies 
identification, they were not available across each lithofacies, despite the fact that every 
attempt was made to date areas with visible changes in the sediment cores. The samples 
consisted of bivalves, gastropods and mixed benthic foraminifera, particularly 
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Quinqueloculina spp. Dates are displayed as the mean value of the 95% calibrated age 
(Table 5.3). 
 
Table 5.1: Radiocarbon dates for each sample, with ages given as a mean value. Labs are indicated as BA: 
Beta Analytic and CC: Chrono Centre. 95% CA- refers to the calibrated age. PSCU Silt-Coarse Sand refers to 
Poorly sorted, coarsening upward silt to coarse sand, while CU Sandy mud refers to coarsening upwards 
sandy mud. All bivalve samples were composed of 1 valve with the exception of those marked *, which 
were fully intact. 
 
 
The results of the radiocarbon dates showed an age range between 13.1±-0.05 ka cal BP 
and 0.9±0.03 ka cal BP. These dates are used to establish a chronology for sediment 
deposition in the bay. The oldest dates come from a silty sand / sandy silt facies, and 
Core Depth 
(cm) 
Material Weight 
(mg) 
Lithofacies Conventional 
age 
(years BP) 
95% cal  
(years BP) 
Lab 
02VC 279-280 Bivalve* 2000 Shell Hash 5270 +/- 30 5588 +/-30 BA 
03VC 71 Bivalve 2485 Shell Hash 1400 +/- 30 905 +/-30 BA 
03VC 72 Turritella 558 Shell Hash 4070 +/- 30 4054 +/-30 BA 
06VC 144-145 Bivalve* 2001 Shell Hash 3890 +/- 30 4304 +/-30 BA 
07VC 120-121 Turritella 335 Shell Hash 5850 +/- 30 6230 +/-30 BA 
10VC 105 Bivalve 824 PSCU Silt-Coarse Sand 2611+/-24 2226 +/-24 CC 
10VC 126-127 Turritella 1248 Shell Hash 4340 +/- 30 4410 +/-30 BA 
10VC 200-201 Turritella 217 Shell Hash 6930 +/- 30 7396 +/-30 BA 
12VC 148-152 Bivalve* 3000 Gravelly Sand and Silt 10,300 +/- 40 11,301 +/-40 BA 
13VC 100-101 Turritella 1992 Shell Hash 6040 +/- 30 6419 +/-30 BA 
13VC 177-179 Bivalve 2117 Silty sand/Sandy silt 9180 +/- 30 9908 +/-30 BA 
13VC 235-236 Foram 7 Silty sand/Sandy silt 11,660 +/- 50 13,092 +/-50 BA 
17VC 130 Bivalve 710 Gravelly Sand and Silt 8275+/-45 8772 +/-45 CC 
20VC 81-82 Turritella 320 Shell Hash 6760 +/- 30 7264 +/-30 BA 
20VC 117-118 Foram 6 Gravelly Sand and Silt 11,140 +/- 80 12,624 +/-80 BA 
20VC 124 Bivalve 765 Gravelly Sand and Silt 10587+/-49 11,720 +/-49 CC 
22VC 38-39 Turritella 265 Shell Hash 6390 +/-30 6814 +/-30 BA 
22VC 269-270 Foram 4 CU Sandy Mud 9220 +/- 30 9960 +/-30 BA 
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range from 13.1±0.05 ka to 9.9±0.03 ka cal BP. A gravelly sand and silt facies is dated 
within the range of 12.6±0.08 ka to 8.8±0.045 ka cal BP. A facies of coarsening upward 
sandy mud, which overlies the previously mentioned gravelly sand and silt facies, has a 
single foraminifera date of 10±0.03 ka cal BP. A shell hash facies is found across the bay 
and has a large age range between 7.4±30 ka and 0.9±0.03 ka cal BP. However, with the 
exception of the single very young age, all dates fall within the age range of 7.4±0.03 ka to 
4.1±0.03 ka cal BP. A poorly sorted, coarsening upwards silt to coarse sand facies, which is 
found in all cores across the bay, has a single date in core 10VC of 2.2±0.024 ka cal BP. In 
core 20VC, shell and foraminifera samples, both taken in gravelly sand and silt, only 6cm 
apart, returned results of a 900-year difference and were out of sequence. The youngest 
shell date (11.7±0.049 ka cal BP) fell lower in the sample that the older foraminifera date 
(12.6±0.08 ka cal BP). Caution was used with this latter date. 
 
5.3 Lithofacies and geochemical results 
On the basis of radiocarbon dates, grain size, lithology, colour, sedimentary structures 
physical properties, shear strength, biological content and geochemistry, 8 distinct 
lithofacies were identified in the sediment cores (Table 5.2, Appendix 1&2). These 
lithofacies include:  
LF1: Mud with occasional laminations; 
LF2: Gravelly sand and silt;  
LF3: Silty sand / sandy silt; 
LF4: Coarsening upwards sandy mud; 
LF5: Shell hash;  
LF 6: Interbedded sandy silt and silty sand; 
LF7: Silty sand; 
LF8: Poorly sorted, coarsening upwards silt to coarse sand. 
 
A more detailed description of each lithofacies is given in the following sections. For each 
lithofacies, the sedimentology, microfossil content and geochemical signal (with a focus 
on the elements and ratios Ca, S, Si/Ti, Ba/Ca, Br/Cl, Sr/Ba, Sr/Ti, Sr/Ca, and Fe/Ti) are 
outlined. 
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Table 5.2: A lithofacies classification, with x-ray images, core photographs and descriptions. See Appendix 4 for raw data ranges of sediment core
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5.3.1 Lithofacies 1 – Mud with occasional laminations 
a) Sedimentology 
This lithofacies is a silty mud, dark grey in colour and has almost no visible biogenic 
content, with only a few shell small fragments near the base of the facies (Fig. 5.7). 
This facies is only found at the base of core 03VC, located in the South Sound area of 
the mid bay (Fig. 5.24). This facies is 60cm thick and at the bottom of the core, parallel 
laminations and layers are visible in the x-rays (Table 5.2). P-wave velocity, wet bulk 
density, magnetic susceptibility and electrical resistivity range from 1650 to 1730m/s, 
1.9 to 2.3g/cm3, 3.6 to 3.7 SI*10−8m3/kg and 2.7 to 3.2Ω.m respectively and show 
increasing trends upcore. Shear strength measurements in this facies are 24 and 
49kPa, with the highest value of 49kPa at 200cm downcore and the lowest value of 
24kPa at 220cm downcore (Fig. 5.7). The facies forms the base of the core and has a 
gradual boundary with the overlying facies 3. 
 
b) Foraminifera analysis 
Lithofacies 1 was sampled in core 03VC at 227-228cm. It is dominated by 
Quinqueloculina spp., Lagena spp., Miliolinella subrotunda, and Spirillina vivipara. In 
lesser numbers Haynesina germanica, Bulimina marginata and Stainforthia fusiformis 
are also present (Table 5.3). These species are quite large, especially specimens of 
Quinqueloculina spp., and are intact, however they are much sparser than in the 
overlying facies (Appendix 2). 
 
c) Chemical analysis 
Ca/Ti, S/Ti and Si/Ti content in this facies is the lowest in the core, and all have an 
increasing trend upcore (Fig. 5.8). Ba/Ca and Sr/Ca levels are highest in this facies of 
the core and have a decreasing trend upcore, with small peaks and dips evident 
throughout the facies. Br/Cl, Sr/Ba and Fe/Ti ratios all show a relatively constant or 
slightly decreasing trend up facies, with small peaks and dips throughout (Fig. 5.8). The 
upper boundary shows a gradual transition in most elements with a minor drop in 
Ca/Ti, S/Ti and Si/Ti near the boundary
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Table 5.3: A foraminifera species table, with primarily marine species coloured in blue, estuarine species in green and brackish species in yellow. Species with more than 
one colour are found in different environments. The large red X represents a dominant species, estimated to have higher than 15% per sample, while the small black x 
represents a minor species, estimated to have less than 5% per sample (See Appendix 2 for details of numbers of foraminifera counted and references used for optima 
and tolerance ranges). 
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 Figure 5.7: A graph of core 03VC showing a core image, an x-ray image, a core log, MSCL measurements and shear strength values. 
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Figure 5.8: A graph showing the ITRAX analysis for core 03VC, with LF 1 at the base of the core. The data are presented at a resolution of 5mm and the large black arrows 
next to the chemical data represent general trends. 
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5.3.2 Lithofacies 2 – Gravelly sand and silt  
a) Sedimentology 
This lithofacies is characterised by gravel of various clast sizes (granules, pebbles and 
cobbles) in a matrix of medium sand and silt with no visible grading (Fig. 5.12). The gravel 
is generally <6cm in diameter, however in core 12VC the cobbles reach up to 11cm. These 
pebbles and cobbles are composed of granite and limestone respectively. This lithofacies 
is dark grey-dark greenish grey in colour and is found at the base of cores 07VC, 12VC, 
17VC and 20VC, in the outer bay areas in both the north and south of the bay (Fig. 5.24). 
Shell fragments and intact shells, generally bivalves, are found throughout this facies. P-
wave velocity and electrical resistivity were obtained for core 07VC as this was the only 
core over 2m in length (Fig. 5.10). P-wave velocity ranges from 1800 to 1880m/s, while 
electrical resistivity ranges from 4 to 5.3Ω.m, with both showing a decreasing trend 
upcore. Shear strength measurements were taken from one core (17VC) at 126cm and 
136cm downcore, where the matrix was less sandy, with measurements of 10 and 25kPa 
respectively. This lithofacies is between 20 and 67cm thick and typically has an erosional 
upper contact with the overlying lithofacies 5, with the exception of 17VC, where the 
upper contact is more gradual transitioning into lithofacies 4. 
 
b) Foraminifera analysis 
In Lithofacies 2, cores 17VC and 07VC were selected to investigate the foraminifera 
assemblages. Samples were collected at 139-140cm, 117-118cm and at 82-83cm in core 
17VC and at 201-204cm in core 07VC. Textularia spp., Quinqueloculina spp., Sahulia 
conica, and Miliolinella subrotunda (Fig. 5.9) were found to be by far the most dominant 
species in this interval, although smaller numbers of Rosalina globularis, Planorbulina 
mediterranensis, Haynesina germanica and Cibicides lobatulus were also present (Table 
5.3). This facies appears to have the highest number of broken foraminifera tests overall, 
with the majority of these being Quinqueloculina spp., located near the base of the facies 
(Appendix 2).  
 
c) Chemical analysis 
Chemical analysis was carried out on all cores that contained Lithofacies 2. Ca/Ti content 
in this facies is quite low in all cores. There is a constant to slightly increasing trend 
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upcore in this facies, and peaks are visible throughout. S/Ti content is generally low, 
however there is variability in the trends between cores. Core 07VC shows a steady 
increase upcore (Fig. 5.11), core 12VC shows a constant upcore trend, while cores 17VC 
and 20VC have a decreasing trend upcore with large dips evident at the base and mid-
facies point, something which is more pronounced in core 20VC. The Si/Ti counts are the 
highest in this facies in all cores, with a decreasing trend upcore and several large peaks 
throughout. The Ba/Ca ratio in this facies is the highest in all 4 cores and shows a 
decreasing trend upcore. In all cores, peaks and dips are visible within this facies, in 
particular, cores 07VC and 12VC show sharp decreases, followed by an increase in 
content upcore (Fig. 5.11). The Br/Cl and Sr/Ba ratios in these cores show this facies to 
have the lowest counts and all cores show an increasing trend upcore. The Sr/Ca ratios in 
this facies show a variable trend upcore, while the Fe/Ti content shows a more constant 
to increasing trend overall with smaller peaks and dips visible.  
The upper boundary with both LF4 and LF5 is gradual with only minor changes in some 
elements. 
 
 
Figure 5.9: Examples of foraminifera species found in Galway Bay. A) Quinqueloculina sp., B) Textularia sp., 
C) Elphidium excavatum., D) Rosalina globularis, E) Rosalina praegeri, F) Cibicides lobatulas, G) Planorbulina 
mediterranensis, and H) Elphidium williamsoni. These species were used for both qualitative analysis of 
marine environments and radiocarbon dating
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Figure 5.10: A graph of core 07VC showing a core image, an x-ray image, a core log, MSCL measurements and grain size values for LF2.
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Figure 5.11: A graph showing the ITRAX analysis for core 07VC, showing LF 2 at the base of the core. The data are presented at a resolution of 5mm and the large 
black arrows next to the chemical data represent general trends.
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Figure 5.12: Charts showing the overall grainsizes for each facies. This was done by combining all grainsize measurements taken within a particular facies to find the 
average composition. No grainsize samples were taken in LF1 or LF3, so no measurements are available for these lithofacies.
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5.3.3 Lithofacies 3 – Silty sand / sandy silt  
a) Sedimentology 
This lithofacies is silty sand and sandy silt, dark grey in colour and its biogenic content 
includes both intact shells, particularly bivalves such as cockles, shell fragments and 
microfossils such as foraminifera and ostracods.  It is found in cores, 03VC, 10VC, 13VC 
and 14VC (Fig. 5.24) and the thickness of this facies ranges from 22cm in core 10VC to 
127cm in core 13VC (Fig. 5.13). P-wave velocity generally ranges from 1645 to 1790m/s, 
with a sharp peak reaching 1975m/s in core 13VC (Fig. 5.12). Electrical resistivity, 
magnetic susceptibility and wet bulk density range from 2.75 to 4.4Ω.m, 2.6 to 5 
SI*10−8m3/kg and 0.75 to 2.3g/cm3 respectively. Shear strength measurements in this 
lithofacies range from 23 to 42kPa. This facies has a sharp upper contact in all cores, with 
LF5, except 14VC, where a more gradual contact is evident.  When it does not form the 
base of the core, as in core 03VC, a gradual lower contact is also visible with lithofacies 1 
(Fig. 5.7).  
 
b) Foraminifera analysis 
For Lithofacies 3, cores 13VC and 14VC were selected for foraminifera sampling at 234-
235cm, 116-117cm and 278-279cm respectively. The dominant species are 
Quinqueloculina spp., Ammonia beccarii and Haynesina germanica. Also present in 
smaller numbers are Oolina williamsoni, Elphidium excavatum, Textularia spp., Rosalina 
globularis, Bulimina marginata, Planorbulina mediterranensis, Rosalina praegeri, 
Miliolinella subrotunda, Cibicides lobatulus, Jadammina macrescens and Nonionella 
turgida (Table 5.3 & Fig. 5.9). There is an increase in the size and abundance of 
Quinqueloculina spp., Haynesina germanica and Ammonia beccarii up core. Lagena spp. 
are absent from the bottom of this lithofacies but increase in abundance up core, while 
Elphidium excavatum and Nonionella turgida are present at the bottom of this lithofacies 
but decrease upcore. Overall there is a trend of increasing diversity in foraminifera up 
core in this lithofacies, and specimens are relatively intact (Appendix 2).  
 
c) Chemical analysis 
Chemical analysis for this lithofacies was carried out on 4 cores (03VC, 10VC, 13VC and 
14VC). However, data were not recovered from this lithofacies in core 10VC due to the 
Chapter 5                                                                                                                                   Results 
108 
 
presence of extensive biogenic content at the core surface, making the surface extremely 
uneven and very difficult for the ITRAX core scanner to scan it.  
Ca/Ti content is the lowest in this facies in all cores. In cores 03VC and 14VC there is an 
increasing trend in the Ca/Ti content upcore, however in core 13VC a decreasing trend is 
evident until 175cm and then the Ca/Ti content shows a slight increasing trend from 
175cm to the top of the facies. S/Ti content in this facies shows an overall decreasing 
trend, with large peaks in cores 03VC and 13VC. Si/Ti content shows a stepped trend with 
a lower content at the base of the cores and a sharp increase in content upcore. The 
Ba/Ca ratios are high in all cores, with only lithofacies 1 in core 03VC showing higher 
counts, compared to this facies (Fig. 5.8). An overall decreasing trend is evident upcore, 
however in core 14VC there is a decrease to the middle of the facies before a steady rise 
towards the facies top. Smaller peaks and dips are visible in all cores throughout this 
facies. The Br/Cl ratios in this facies are the lowest of all lithofacies in these cores, with a 
steadily increasing trend upcore. The Sr/Ba ratios in this facies have low counts in all 
cores, an overall slightly increasing trend upcore and small peaks and dips visible 
throughout. The Sr/Ca ratios in this facies shows an overall slightly decreasing trend 
upcore, with large peaks visible in all cores. The Fe/Ti content in this facies shows a 
relatively constant trend upcore however, peaks are evident throughout (Fig. 5.14).  
Overall the lower boundary between lithofacies 3 and underlying lithofacies 1 is gradual 
with only small changes visible in the Ca/Ti, S/Ti and Si/Ti contents (Fig. 5.8). The upper 
boundary of this unit with overlying lithofacies 5 is gradual, with no clear elemental 
changes. 
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Figure 5.13: A graph of core 13VC showing a core image, an x-ray image, a core log, MSCL measurements and shear strength values.  
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Figure 5.14: A graph showing the ITRAX analysis for core 13VC, showing LF3 at the base of the core. The data are presented as a rolling average at a resolution of 
5mm and the large black arrows next to the chemical data represent general trends. 
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5.3.4 Lithofacies 4 – Coarsening upwards sandy mud  
a) Sedimentology 
This lithofacies is found in 4 cores, 01GC, 17VC, 18VC and 22VC (Fig. 5.25), and is 
characterised by coarsening upwards sandy mud (Fig. 5.12). It is very dark grey to dark 
greenish grey in colour, has sparse biogenic content, with some small intact shells. The 
only sedimentary structures in this lithofacies are thin parallel laminations (~0.1cm thick), 
found near the core bottom in 01GC and visible only on the x-rays. This facies is found 
only in the North Sound area and is missing entirely from the central bay and South 
Sound area (Fig. 5.24). P-wave velocity, electrical resistivity, magnetic susceptibility and 
wet bulk density range from 1570 to 1645m/s, 2.2 to 3.2Ω.m, 1 to 4 SI*10−8m3/kg, and 
1.58 to 2.3g/cm3 respectively, across all cores (Fig. 5.15). P-wave velocity, electrical 
resistivity and wet bulk density show a decreasing trend upcore, while magnetic 
susceptibility shows an increasing trend upcore. Shear strength measurements in this 
lithofacies range from 4 to 25kPa, with a generally decreasing trend upcore, with the 
exception of core 22VC (Fig. 5.16), which is more variable. The lowest shear strength is 
found in core 18VC, were a sharp decrease to 4kPa is visible mid-facies (Appendix 1). This 
facies forms the base of all the cores it is found in, with the exception of core 17VC. In 
core 17VC it overlies lithofacies 2 with a gradual lower contact. This facies is highly 
variable in thickness, ranging from 28cm in core 17VC to 235cm in core 18VC and has a 
sharp erosional upper contact in all cores (Fig. 5.15). 
 
b) Foraminifera analysis 
Lithofacies 4 was sampled in core 01GC at 99-100cm, in core 22VC at 269-270cm and 150-
151cm in sandy mud. The dominant species are Lagena spp., Stainforthia fusiformis, 
Nonionella turgida and Bolivina spp. Other species, such as Rosalina praegeri and 
Quinqueloculina spp. were present in smaller numbers (Table 5.3). Lagena spp. shows a 
decreasing trend downcore. Specimens in this facies were intact (Appendix 2). 
 
c) Chemical analysis 
Chemical analysis was carried out on 4 cores that contained Lithofacies 4 (01GC, 17VC, 
18VC and 22VC).  
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Ca/Ti, S/Ti and Si/Ti content in this facies is low in all 4 cores and shows a constant or 
increasing trend upcore, with small peaks and dips throughout. Ba/Ca ratios are high, 
with a constant or decreasing trend upcore and some small peaks and dips throughout. 
Br/Cl and Sr/Ba ratios are low, generally showing a constant to increasing trend upcore, 
with small peaks and dips evident throughout the facies. Sr/Ca content in this facies 
shows an overall decreasing trend upcore with large peaks throughout. However, in cores 
01GC and 17VC, there is only a decreasing trend to the mid-facies point before the 
content begins to show an increasing trend. Fe/Ti shows a constant to slightly increasing 
trend upcore in this facies.  
Overall, the lower boundary between lithofacies 4 and underlying lithofacies 2 is 
relatively gradual with only minor changes in elemental ratios. The upper boundary with 
overlying lithofacies 5, however, is sharp, with significant changes in the chemistry across 
a number of elements. 
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Figure 5.15: A graph of core 22VC showing a core image, an x-ray image, a core log and MSCL measurements.
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Figure 5.16: A graph of core 22VC showing a core image, an x-ray image, a core log, shear strength values and grain size measurements.
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Figure 5.17: A graph showing the ITRAX analysis for core 22VC, showing LF 4 at the base of the core. The data are presented as a rolling average at a resolution of 
5mm and the large black arrows next to the chemical data represent general trends. 
 
  
Chapter 5                                                                                                                                   Results 
 
116 
 
5.3.5 Lithofacies 5 –Shell-hash  
a) Sedimentology 
This lithofacies is found in 13 cores across the bay (Fig. 5.24) and is composed of generally 
intact molluscs (gastropods and bivalves) in a sand and silt matrix (Fig. 5.12). The most 
common gastropod found is Turritella communis with an average length of ~3cm. A range 
of bivalves including scallops, oysters, cockles, mussels and nut shells, up to 11cm in 
diameter, are found throughout this facies. This facies is dark greenish grey to dark olive 
grey in colour and the thickness ranges from 20–107 cm. P-wave velocity, magnetic 
susceptibility, electrical resistivity and wet bulk density range from 1550 to 1764m/s, 1.8 
to 10 SI*10−8m3/kg, 1.25 to 5Ω.m and 0.6 to 3.12g/cm3 respectively (Fig. 5.18). While the 
magnetic susceptibility and electrical resistivity show general increasing and decreasing 
trends upcore, respectively, the p-wave velocity and wet bulk density show no obvious 
trends. The p-wave velocity, in particular, covers a larger range than in most other facies. 
However, due to the very uneven scanning surface in this lithofacies, many cores had no 
data available, a factor which is likely influential in the lack of a visible trend. Shear 
strength measurements were not carried out on this lithofacies due to the high shell 
content. Both the upper and lower contacts of this facies are generally sharp and 
erosional, except in cores 14VC, 06VC and 02VC, where they are gradual (Fig. 5.18). 
 
b) Foraminifera analysis 
Lithofacies 5 was sampled in core 07VC at 160-161cm, core 01GC at 30-31cm and core 
14VC at 110-111cm and 197-198cm. Quinqueloculina spp., and Haynesina germanica are 
still the most prominent forams in this facies (Table 5.3). In lesser numbers Textularia 
spp., Lagena spp., Oolina williamsoni, Cibicides lobatulus, and Rosalina praegeri are 
present and remain constant up core. Bulimina marginata increases up core and Spirillina 
vivipara is re-introduced in this facies (it is absent in LF2, LF3 and LF4), while Elphidium 
spp., which is not present in the bottom of the facies, appears in small numbers upcore. 
Overall, in this facies there is a decrease in foraminifera size and abundance (Appendix 2).  
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c) Chemical analysis 
Chemical analysis was carried out on 13 cores that contained Lithofacies 5. This included 
cores from all areas of the mid and outer bay. Core 10VC is missing large portions of data 
from the bottom of this facies due to extensive shelly material, causing an uneven 
scanning surface and issues with the XRF scanning.  
Ca/Ti content is highly variable, however large peaks in Ca/Ti are evident in all cores. The 
overall trend for Ca/Ti shows increasing values upcore (Fig. 5.19). The S/Ti content is low 
but variable in all cores, with peaks and dips throughout. Like the Ca/Ti content, it shows 
an overall increasing trend upcore throughout lithofacies 5. The Si/Ti content in this facies 
generally represents values that fall between the underlying and overlying facies, across a 
number of cores (Appendix 1). There is generally a constant or decreasing trend upcore, 
with the exception of cores 02VC, 03VC, 06VC and 22VC, which show a slight increasing 
trend upcore throughout lithofacies 5. Ba/Ca ratios show a decreasing trend upcore, with 
the exception of cores 17VC and 22VC which show a slight increase in content. There are 
peaks and dips in Ba/Ca levels evident throughout all cores. Br/Cl ratios show an 
increasing trend upcore and are on average lower than the overlying lithofacies. Sr/Ba 
and Sr/Ti content show an overall increasing trend up facies in all cores, with small peaks 
and troughs throughout. Sr/Ca content shows an overall decreasing trend upcore in this 
facies in all cores, with the exception of 17VC and 20VC, which show increases in the 
Sr/Ca content upcore (Appendix 1). Fe/Ti content is overall variable upcore, with large 
peaks and troughs throughout this facies. An exception to this are cores 03VC and 06VC 
which show a slight decreasing trend upcore (Fig. 5.19). 
Overall, lithofacies 5 has a lower boundary with 3 other lithofacies. Its boundary with the 
underlying lithofacies 4 is sharp with changes across several elemental ratios, including 
Ca/Ti, and Fe/Ti. The boundary between lithofacies 5 and underlying lithofacies 3 shows 
gradual changes in all cores, as does the boundary between lithofacies 5 and underlying 
lithofacies 2 which also has only minor changes in some elements. The boundary between 
the overlying lithofacies 8 is gradual with only minor changes. However, lithofacies 5 is 
missing significant amounts of data due to its uneven scanning surface and this may have 
distorted how the boundaries between these lithofacies are represented in the data. 
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Figure 5.18: A graph of core 06VC showing a core image, an x-ray image, a core log, MSCL measurements and grainsize measurements.
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Figure: 5.19: A graph showing the ITRAX analysis for core 06VC, showing LF 5 at the base of the core. The data is presented at a resolution of 5mm and the large 
black arrows next to the chemical data represent general trends.   
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5.3.6 Lithofacies 6 –Interbedded silty sand and sandy silt  
a) Sedimentology 
This lithofacies is found in only one core (01VC) in the inner bay and is 128cm thick (Fig. 
5.20 & 5.24). It is characterised by dark brown to dark grey interbedded sandy silt and 
silty sand (Fig. 5.12) layers with shell fragments throughout. Layers of sandy silt, visible to 
the naked eye through colour changes, as well as parallel laminations/layers up to 0.5cm 
thick (Table. 5.2) and extending for ~20cm, visible only on x-radiographs, are present 
near the top of this facies (Fig. 5.20). Downcore there are no further layers/laminations 
visible in the x-rays. However, banded layers of sandy silt and silty sand are still visible to 
the naked eye in the bottom half of the facies. The grainsize in this facies ranges from 
54.4 to 88.8μm (Fig. 5.20) and is variable throughout. Burrowing is visible under x-ray, 
below the laminations and extending downwards for 20cm from 140 to 160cm downcore. 
No MSCL measurements were obtained for this core, as only cores over 2m were selected 
for analysis. Shear strength measurements ranged from 13 to 31kPa in this facies and are 
lower near the facies top and bottom and higher mid-facies. The upper boundary of this 
unit is sharp, with a significant increase in sediment size between this facies and the 
overlying lithofacies 7, as well as a significant change in the density as seen on the x-ray 
imagery. 
 
b) Foraminifera analysis 
Samples at 187-188cm and 100-101cm from core 01VC show Ammonia beccarii, Rosalina 
praegeri, Quinqueloculina spp., Spirillina vivipara, and Elphidium excavatum to be the 
dominant species, while smaller amounts of Haynesina germanica and Planorbulina 
distoma are present (Table 5.3). There is a large decrease in species abundance upcore in 
this facies and the foraminifera samples contain a mixture of broken and intact tests 
(Appendix 2).  
 
c) Chemical analysis 
The Ca/Ti represents the lowest ratio in the core and shows an increasing trend upcore, 
with larger peaks throughout. In particular a sharp increase is evident at 120cm near the 
facies top. The S/Ti content is highest at the base of the core, with a gradually decreasing 
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trend upcore. The average Si/Ti content is highest in this facies compared to LF7 and LF8 
and has 2 distinct phases. The first phase has a small peak near the base of the facies at 
~210cm, but otherwise is constant from the base of the core to 120cm. The second phase 
shows an increase in content at 120cm-115cm, coinciding with the increase in Ca/Ti, 
which remains constant to the top of the facies. This stepped trend shows an overall 
increase in Si/Ti up facies. The Ba/Ca ratio shows a steadily decreasing trend upcore, 
while both the Br/Cl and Sr/Ba ratios show an overall increasing trend upcore, with 
smaller peaks and dips. The Sr/Ca ratio, like the Si/Ti ratio has 2 phases. From the base of 
the core to ~120cm, a relatively constant trend is evident. However, at ~120cm there is a 
sharp decrease, which corresponds to the peaks in Ca/Ti and Si/Ti, this lower ratio of 
Sr/Ca remains constant to the facies top. The Fe/Ti content in this facies is the lowest in 
the core and shows a slight decreasing trend upcore.  
Lithofacies 6 has no lower boundary with another facies, however the upper boundary 
with lithofacies 7 shows sharp changes in Si/Ti, S/Ti, Sr/Ba and Ba/Ca (Fig. 5.21). 
 
5.3.7 Lithofacies 7 – Silty Sand  
a) Sedimentology 
This lithofacies is characterised by well sorted, brown, silty medium sand with large shell 
fragments throughout (Fig. 5.12). Like lithofacies 6, it is found only in core 01VC in the 
inner bay (Fig. 5.24) and is 45cm thick. No physical property measurements were 
obtained for this core and shear strength measurements could not be carried out due to 
the sandy nature of this facies. While similar to lithofacies 3, its sediment is coarser (more 
medium than fine sand) (Fig. 5.12), the colour is brown rather than grey and there are no 
intact shells visible in this facies. This facies has a sharp upper boundary with the 
overlying lithofacies 8. The lower boundary with lithofacies 6, while not evident to the 
naked eye, shows up as a distinct change in the density on the x-ray imagery (Fig. 5.20). 
 
b) Foraminifera analysis 
A foraminifera sample at 60-61cm from core 01VC, shows the dominant species in this 
facies to be Ammonia beccarii, Quinqueloculina spp., and Haynesina germanica, while 
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smaller amounts of Elphidium excavatum, and Rosalina praegeri, are present (Table 5.3). 
There is a high number of broken tests in this facies (Appendix 2).  
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Figure 5.20: A graph of core 01VC showing a core image, an x-ray image, a core log, shear strength measurements, grain size values and percentages of sediment type 
for LF6 and LF7.
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Figure 5.21: A graph showing the ITRAX analysis for core 01VC. LF6 is at the base of the core, while LF7 is in the middle of the core. The data is presented at a resolution 
of 5mm and the large black arrows next to the chemical data represent general trends. 
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c) Chemical analysis 
The Ca/Ti content in this facies shows a steadily increasing trend upcore. The S/Ti 
content has more variability, however, the trend is overall constant upcore. The Si/Ti 
content in this facies is the highest. There is a huge increase in Si/Ti from the 
underlying facies before a steadily declining trend upcore (Fig. 5.21), with smaller 
peaks and dips throughout this facies. The Ba/Ca content shows a very similar trend to 
the Si/Ti levels, with the Ba/Ca levels in this facies the highest in the core. There is also 
a significant increase between the underlying facies and the base of this facies and a 
decreasing trend upcore. There are peaks and dips throughout, with the largest peak 
at the base of the facies. The Br/Cl levels in this facies appear to show a relatively 
constant trend upcore with large peaks throughout. However, this elemental ratio is 
clearly missing data in this facies and the Br/Cl trend may be incomplete. The Sr/Ba 
trend in this facies is constant upcore until ~55cm where it begins to gradually increase 
to the top of the facies. The Sr/Ba content in this facies is the lowest in the core and 
there is a substantial change in Sr/Ba levels between both the overlying and underlying 
facies. There is a large decrease between the underlying facies and LF6 while a 
significant increase is visible between this facies and LF8. The Sr/Ca content in this 
facies shows a decreasing trend upcore, with a peak at the base of the facies, 
coinciding with the peaks in Ba/Ca. The Fe/Ti levels show a steadily decreasing trend 
upcore in this facies with some smaller peaks and dips throughout (Fig. 5.21).  
Overall, the boundary between this unit and the underlying lithofacies 6 shows 
extremely sharp changes in elemental ratios, in particular changes in S/Ti, Si/Ti, Ba/Ca 
and Sr/Ba are substantial. The upper boundary with this unit and the overlying 
lithofacies 8 also shows clear changes in most of the elements and a sharp increase in 
Sr/Ba (Fig. 5.21). 
 
5.3.8 Lithofacies 8 – Poorly sorted, coarsening upwards silt to coarse sand 
a) Sedimentology 
This lithofacies is found across the bay in all cores (Fig. 5.24 & 5.25) and is 
characterised by fine to coarse sand, with a minor silt component, coarsening upwards 
(Fig. 5.12), with abundant shell fragments and bivalves. Core 08VC has pebbles near 
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the core top, however, it is the only one. It ranges in colour from light yellowish brown 
to black and is the thickest unit, up to 257cm. P-wave velocity, electrical resistivity, 
wet bulk density and magnetic susceptibility range from 1595 to 1780m/s, 0.7 to 
19Ω.m, 0.5 to 3.32g/cm3, and 1.8 to 10 SI*10−8m3/kg respectively (Fig. 5.22). This facies 
has the highest range of values in all MSCL measurements (Appendix 1). Overall the p-
wave velocity and wet bulk density show a decreasing trend upcore while the 
magnetic susceptibility shows an increasing upcore trend and there is no discernible 
trend in the electrical resistivity values. Shear strength measurements could not be 
carried out on this lithofacies due to the high sand content. This facies is always found 
at the core top and overlies lithofacies 5, with the exception of 01VC where it overlies 
facies 6. It has a sharp erosional lower contact in all cores (Fig. 5.16), except in cores 
14VC and 02VC where the contact is more gradual (Fig. 5.22). 
 
b) Foraminifera analysis 
Lithofacies 8 was sampled at 1-2cm in core 01VC, 78-79cm in core 07VC, in core 14VC 
at 45-46cm, in core 17VC at 15-16cm and in core 01GC at 1-2cm. Quinqueloculina spp., 
Lagena spp., Cibicides lobatulus, Planorbulina mediterranensis and Ammonia beccarii 
are the dominant species in this facies, although Quinqueloculina less so than in other 
facies. Fissurina elliptica and Bolivina spp. are common in this facies, while Textularia 
spp., Oolina williamsoni, Bulimina marginata, Haynesina germanica, Nonionella 
turgida and Rosalina praegeri also appear, but in relatively smaller quantities (Table 
5.3). There appears to be a trend toward smaller species in this facies, although it is 
more diverse and relatively intact (Appendix 2). 
 
c) Chemical analysis 
Chemical analysis was carried out on 17 cores that contained Lithofacies 8 (Fig. 5.8, 
5.11, 5.14, 5.17, 5.19, 5.21, & 5.23). The Ca/Ti levels show a variable content with 
peaks and dips throughout lithofacies 8, however, there is a decreasing trend up facies 
in all cores. S/Ti content is variable throughout all cores, again with peaks and dips 
throughout the facies. However, there is a general trend of decreasing S/Ti levels up 
facies in all cores, except 01VC, 02VC, 04VC and 22VC, which show an increasing trend 
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upcore. Cores 01VC and 06VC in particular shows a sharp increase in S/Ti levels 
towards the core top (Fig. 5.14 & 5.21). The Si/Ti content is variable in this facies with 
peaks throughout, however it shows a decreasing trend up facies overall. Only in cores 
01GC and 14VC is there an increase in content, although core 06VC displays an 
increasing trend from the base of the facies to ~80cm before decreasing to the core 
top. Ba/Ca generally shows a constant or decreasing trend upcore, however some 
cores show and increasing trend upcore. These include cores 01GC, 04VC and 06VC 
(Fig. 5.19), while cores 15VC and 22VC (Fig. 5.17) show an increase to mid-facies then a 
decreasing trend to the core top. There are peaks and dips throughout this facies, 
however the cores which show an increasing trend up core appear to have more 
distinct peaks in this facies. Br/Cl shows an increasing trend upcore in all cores except 
04VC. Overall, this facies has the highest content of Br/Cl of all facies throughout the 
cores. Core 04VC appears to have a stepped decreasing trend up core with higher 
levels from the base of the core to ~95cm, before a sharp peak and then a decrease to 
slightly lower levels than before and a constant trend to the core top. Sr/Ba and Sr/Ti 
content is variable with large peaks throughout lithofacies 8, however there is an 
overall increasing trend up facies, with the exception of cores 01GC and 14VC which 
show a decreasing trend upcore. Sr/Ca content shows a similar trend to Sr/Ba and 
Sr/Ti, with an increasing trend up facies in all cores except 01GC, 03VC and 14VC, 
which show a decreasing trend. Fe/Ti content is variable with large peaks and dips 
throughout this facies. It shows an increasing trend up facies in all cores except for 
01GC, 09VC and 14VC which show a slight decreasing trend. Core 14VC appears to 
differ from the general trend in this facies across many elemental ratios. However, it is 
important to note that it is missing a large amount of data in the middle of this facies 
and this may have distorted the trends visible in the geochemical results. 
Overall, the lower boundary between lithofacies 8 and the underlying lithofacies 5 
appears to be rather gradual (Fig. 5.8, 5.14 & 5.17) throughout the cores with only 
minor differences visible in some of the elements, with the exception of cores 01GC, 
18VC and 22VC (Fig. 5.17). These show significant changes in a number of elemental 
ratios including Ca/Ti, Si/Ti, Sr/Ca and Fe/Ti. The lower boundary between lithofacies 8 
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and underlying lithofacies 7 however is much sharper with major changes in many of 
the elements, in particular Sr/Ba, which shows a significant decrease in content. 
Chapter 5                                                                                                                                                                                                                              Results 
 
129 
 
 
 
 
Figure 5.22: A graph of core 02VC showing a core image, an x-ray image, a core log and MSCL measurements.
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Figure 5.23: A graph showing the ITRAX analysis for core 02VC, showing LF8 at the top of the core. The data is presented as a rolling average at a resolution of 5mm and 
the large black arrows next to the chemical data represent general trends.  
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5.4 Sequence stratigraphy and geographical distribution of lithofacies and seismic 
units 
The bay was divided into 3 geographical areas (Fig. 5.24) to best present the overall 
results. These are, a) the inner bay, b) the mid bay and c) the outer bay. Within these 
areas sub divisions have been made in the mid and outer bay. The mid bay sub-
division includes part of the South Sound, while the outer bay has been sub-divided 
into the South Sound, North Sound and central bay. The distribution of the acoustic 
lithofacies in each of these areas is discussed in detail below. 
 
5.4.1 Inner Bay 
The predominant acoustic units found in the inner bay are sub-units 3a and 3b, with 
units 1 and 2 generally only visible at the northern and southern edges of the inner 
bay (Fig. 5.5). Acoustic sub-unit 3a is generally between 10 and 12.5m thick, which 
largely represents the limit of penetration in this area, indicating that the unit may be 
thicker than this, whilst sub-unit 3b drapes sub-unit 3a and is generally 3 – 5m thick 
(Fig. 5.6B & 5.6C). The depositional centres appear to shift with sub-unit 3a 
concentrated near the mid-bay boundary (Fig. 5.6B), whilst sub-unit 3b is mostly found 
offshore Spiddal (Fig. 5.6C).  
The only core in this area (01VC) penetrated sub-unit 3b. It is located at a depth of 
29m bsl and consists of multiple lithofacies, LF6, LF7 and LF8, two of which (LF6 and 
LF7), were not identified in any other area (Fig. 5.24). While no radiocarbon dates 
were taken directly from core 01VC, LF8 was dated in the middle of the facies, in the 
outer central area of the bay at 2.2 ka cal BP (Fig. 5.26). LF6 is the deepest facies in this 
core (Fig. 5.24 & 5.25) and is characterized by interbedded brownish grey, sandy silt 
and silty sand with shell fragments throughout (Table 5.1). There is extensive 
bioturbation mid facies, followed by parallel laminations. The dominant foraminifera 
species are Ammonia beccarii, Rosalina praegeri, Quinqueloculina spp., Spirillina 
vivipara, and Elphidium excavatum (Fig. 5.8). There is a decrease in abundance up 
facies and a mixture of broken and intact tests throughout (Appendix 2). The shear 
strength measurements show an increase from the base of the core to mid-facies, 
before decreasing towards the facies top (Fig 5.20). 
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Figure 5.24: Map of Galway Bay showing the core positions and their associated lithofacies.
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Near the top of LF6, the XRF results show a jump in Ca/Ti, Si/Ti and a decrease in Sr/Ca 
content. The upper boundary of LF6 is not visible on the core section, however there is 
a clear change in density on the x-rays, a sharp change in the sediment size (Fig. 5.20) 
and in the 3 chemical element ratios; Si/Ti, Ba/Ca and Sr/Ba (Fig. 5.21).  
The dominant foraminifera species in this facies are Ammonia beccarii, 
Quinqueloculina spp., and Haynesina germanica (Fig. 5.8) and there is a decrease in 
the abundance and preservation of foraminifera from the underlying facies (Appendix 
2). This facies has very high Ba/Ca and Si/Ti content which decreases drastically up 
facies and very low Sr/Ba content (Fig. 5.21). The upper boundary of this facies is 
sharp, with a visible change to a shell layer in both the core and x-rays (Fig. 5.20). This 
boundary is also marked by a jump in grain size and a significant sharp increase in the 
Sr/Ba content. 
Above LF7 is LF8, a brown silty sand facies coarsening upcore with abundant shell, 
both intact and fragmented (Appendix 2). There are shell layers at the base of this 
facies with abundant smaller bivalves. The dominant foraminifera species in this facies 
are Quinqueloculina spp., Lagena spp., Cibicides lobatulus, Planorbulina 
mediterranensis and Ammonia beccarii (Fig. 5.8). There are abundant and diverse 
species in this facies, although they tend to be smaller than the underlying facies. The 
facies has the highest Br/Cl and lowest Ba/Ca contents in core 01VC, which show an 
increasing and decreasing trend upcore respectively. The Ca/Ti content is high but it 
has a decreasing trend upcore in this facies (Fig. 5.21). This facies forms the modern 
seafloor and the sequence terminates at its top (Fig. 5.25).  
 
5.4.2 Mid Bay 
Like the inner bay, the predominant seismic units in the mid-bay are 3a and 3b. Unlike 
the inner bay, both seismic units 1 and 2 are also present throughout much of the mid-
bay (Fig. 5.5). Overall, sub-unit 3b has the most extensive coverage and is the thickest 
seismic unit in the mid-bay, between 4 and 7m, with deposition up to 8.5m thick along 
the northern coastline and in the south-east around Blackrock headland, where it is 
part of the South Sound (Fig. 5.6B). Sub-unit 3a reaches a similar thickness, generally 
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between 4 and 6m, with a small area along the eastern boundary up to 11m in 
thickness (Fig. 5.6C), while unit 2 is generally less than 4m in thickness (Fig. 5.6A). 
There are 6 sediment cores within the mid-bay; 04VC, 16VC, 11VC, 12VC, 03VC and 
02VC, the latter 3 of which are located in the South Sound (Fig. 5.24). These cores 
penetrated acoustic sub-unit 3b and are located in water depths from 31 to 42m. 
While cores 04VC, 11VC and 16VC only contain 1 lithofacies (LF8), the cores in the 
South Sound mid-bay area (02VC, 03VC and 12VC) contain multiple lithofacies, 
including LF1, LF2, LF3, LF5 and LF8 (Fig. 5.25). Cores 04VC, 16VC and 11VC are the 
shallowest in the mid-bay (31.17 – 33.5m). They are composed of silty and fine sand 
and contain both abundant shell fragments and foraminiferal content. Core 12VC is 
the oldest in the mid-bay, with LF2 in core 12VC, dated to 11.5 ka cal BP (Table 5.3 & 
Fig. 5.25).  
LF1 is present only in core 03VC and underlies LF3, which in another core (13VC) 
contains the oldest date for the bay. LF1 is composed of dark grey mud with occasional 
laminations (Table 5.1), very sparse shell content and has the highest shear strength 
values in the bay which increase up facies to 49kPa (Fig. 5.7). The common 
foraminifera species are Quinqueloculina spp., Lagena spp., Miliolinella subrotunda, 
and Spirillina vivipara, and they are large in comparison to other facies (Table 5.2). The 
geochemistry of LF1 shows an increasing trend upcore in Ca/Ti, S/Ti and Si/Ti and a 
decreasing trend upcore in Ba/Ca, Br/Cl and Sr/Ca, while Sr/Ba and Fe/Ti remain 
constant upcore (Fig. 5.8). A gradual transition is evident in both sedimentology and 
geochemistry with the overlying LF3. 
As for LF1, LF3 is also present in the mid-bay in core 03VC. In this core LF3 is composed 
of dark grey sandy silt with sparse shell content and abundant foraminiferal content, 
primarily composed of Quinqueloculina spp., Ammonia beccarii and Haynesina 
germanica. The geochemistry of LF3 in the mid-bay shows an increasing trend upcore 
in Ca/Ti, Si/Ti, Br/Cl, Sr/Ba, and Fe/Ti and a decreasing trend upcore in S/Ti, Ba/Ca, and 
Sr/Ca (Fig. 5.14). 
Core 12VC is the only core located outside the North Sound to contain LF2 (Fig. 5.25 & 
5.26). LF2 in the mid bay is composed of brown fine-medium sandy silt with gravel (Fig. 
5.8) with abundant shell fragments. The foraminiferal content is composed primarily 
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of Textularia spp., Quinqueloculina sp., Sahulia conica, and Miliolinella subrotunda (Fig. 
5.8) and test breakage is high. The geochemistry of LF2 in the mid-bay shows an 
increasing upcore trend in Ca/Ti, Br/Cl, Sr/Ba and Sr/Ca, a decreasing trend upcore in 
Si/Ti and Ba/Ca and a constant upcore trend in S/Ti and Fe/Ti (Fig. 5.11). 
LF4 is not seen in the mid bay region. 
LF5 is found only in cores in the South Sound area of the mid-bay and has been dated 
near the base of core 02VC to 5.6 ka cal BP and in core 03VC to 4.1 and 0.9 ka cal BP 
(Table 5.3, Fig. 5.24 & 5.25). The youngest date may be reworked from the facies 
above (LF8) as no other dates from LF5 throughout the bay suggest such a young age 
(Table 5.3). In the mid-bay area, LF5 is composed of shell hash in a brown-grey sandy 
silt and silty sand matrix (Fig. 5.12) and the dominant foraminifera species are 
Quinqueloculina spp., and Haynesina germanica (Table 5.2). The geochemistry in LF5 
shows an increasing trend in Ca/Ti, S/Ti, Br/Cl and Sr/Ba upcore, a decreasing trend in 
Ba/Ca, a constant upcore trend in Si/Ti and Sr/Ca and variable trends in Fe/Ti (Fig. 5.8, 
5.11 & 5.14).  
LF8 in the mid-bay is generally composed of a grey-brown sandy silt with abundant 
shell fragments and abundant foraminiferal content, with Quinqueloculina spp., 
Lagena spp., Cibicides lobatulus, Planorbulina mediterranensis and Ammonia beccarii 
as the primary species (Table 5.2).  
The geochemistry of LF8 in the mid bay area shows a decreasing trend upcore in Ca/Ti 
and Si/Ti, an increasing trend upcore in S/Ti, Sr/Ca, and Fe/Ti, while there is variability 
between the cores in Ba/Ca and Br/Cl (Fig 5.8).  
 
5.4.3 Outer Bay - South Sound  
The outer bay South Sound sub-bottom data (Fig. 5.1) are dominated by unit 1 with 
extensive outcropping at the western edge of the Sound, where it forms the present 
seafloor (Fig. 5.5). Other units are rarely visible in this area (Fig. 5.5) and are generally 
less than 4m in thickness (Fig. 5.6). Sediments that are deposited above unit 1 are 
most concentrated in the inner Sound near the mid-bay boundary and along the edges 
of the South Sound. Deposition is generally between 2 and 4m, in unit 2 and sub-units 
3a and 3b, however deposition in sub-unit 3b covers a more extensive area (Fig. 5.6). 
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The 3 cores (13VC, 14VC and 15VC) found in the outer bay South Sound area, all 
recovered acoustic sub-unit 3b, in water depths ranging from 34 to 42m. The sediment 
is between 0.75 and 2.88m thick and dated to be younger than 13.1 ka cal BP based on 
a foram date from the bottom of core 13VC (Table 5.3).  
The lithofacies sequence in the outer bay South Sound consists of LF3, LF5 & LF8 in 
cores 13VC and 14VC and LF8 in core 15VC (Fig. 5.24 & 5.25).  
LF3 is the oldest facies, with dates of 9.9 and 13.1 ka cal BP, dated in core 13VC. It is 
composed of a dark grey silty sand and sandy silt with both broken and intact shells. 
The p-wave velocity in this facies is the highest in the bay, up to 1975m/s, while shear 
strength measurements are also relatively high, up to 42kPa (Fig. 5.13). The dominant 
foraminifera species are Quinqueloculina spp., Ammonia beccarii and Haynesina 
germanica (Table 5.2). There is a large species diversity and abundance, increasing 
upcore in this facies. In the geochemistry there is an increase in Si/Ti, Br/Cl and Sr/Ba 
content up facies, a decrease in S/Ti and Ba/Ca, a constant upcore trend in Ca/Ti and 
variability in the Sr/Ca and Fe/Ti content (Fig. 5.14). The boundary between this facies 
and the overlying LF5 is sharp, with a distinctive increase in shell content at the upper 
boundary of LF3. Overlying LF3 is LF5, a shell layer, with both gastropod and bivalves 
that have been dated at 6.4 ka cal BP in core 13VC (Fig. 5.25). The dominant 
foraminiferal species are Quinqueloculina spp. and Haynesina germanica, and there is 
a decrease in size and abundance in all species up facies (Table 5.3). The chemical 
elements show increasing trends of Ca/Ti, Br/Cl, Sr/Ba and Fe/Ti, decreasing Ba/Ca and 
Sr/Ca, constant Si/Ti and variable S/Ti content upcore in LF5 in the outer bay, South 
Sound (Fig. 5.18). There is a sharp boundary between this shell layer and the overlying 
LF8, with a significant decrease in shell content. The youngest facies, LF8, is a brownish 
grey silty sand and sandy silt, coarsening upwards, with shell, both intact and 
fragmented. Quinqueloculina spp., Lagena spp., Cibicides lobatulus, Planorbulina 
mediterranensis and Ammonia beccarii are the dominant foraminifera species in this 
facies (Table 5.2), with small intact tests common. This lithofacies generally shows a 
decreasing S/Ti and Si/Ti, an increasing Br/Cl, Sr/Ba and Fe/Ti a constant Ba/Ca and 
Ca/Ti content and a variable Sr/Ca content up facies which terminates at the core top 
(Fig. 5.22).  
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5.4.4 Outer Bay - Central 
Unit 1 is the most extensive seismic unit in the outer bay central area and outcrops 
widely at the seafloor (Fig. 5.5A). Unit 2 is present in the south and north east part of 
the central bay but is missing around Inis Mór Island and from the middle of the 
central outer bay (Fig. 5.5B). Where unit 2 is present it is thickest along the north-
eastern border with the North Sound, reaching up to 16m (Fig. 5.6A). Sub-unit 3a is 
rarely found in the central outer bay area, only present in the north-east, along the 
border with the north sound, where it is ~9m thick, and in the south, in a strip 
extending north-eastwards from Inis Óirr (Fig. 5.5C & 5.6B). While seismic sub-unit 3b 
is thin (generally <4m in thickness), it covers much of the outer central bay, with the 
exception of the area around Inis Mór Island. The isopach maps suggest that there is a 
sediment depocentre along the north-eastern edge of the central outer bay, with all 
sedimentary units (Unit 2 and Sub-units 3a and 3b) having their thickest occurrence 
here (Fig. 5.6). All of the cores, 05VC, 06VC, 08VC, 09VC and 10VC, penetrated only 
seismic sub-unit 3b. These cores were collected in water depths ranging from 19 to 
44m and contain multiple lithofacies (LF3, LF5 and LF8) (Fig. 5.24 & 5.26).  
The lithofacies sequence in core 10VC, the only core which contains all 3 lithofacies, 
begins with LF3, followed by LF5 and finally LF8. Cores 09VC and 06VC both contain 
LF5 and LF8, while cores 05VC and 08VC contain only LF8 (Fig. 5.26).  LF3, considered 
to be the oldest facies reached in the outer central bay, is composed of brown/grey 
silty sand with shell fragments. The dominant foraminifera species found in LF3 are 
Quinqueloculina spp., Ammonia beccarii and Haynesina germanica, although there are 
many more species as this is one of the most diverse lithofacies with regard to 
foraminifera species (Table 5.2). No geochemical data for LF3 in the outer central bay 
is available. There is a distinctive sharp boundary between this facies and the overlying 
one and an increase in shell content. LF3 is overlain by LF5, the shell hash layer of 
gastropods and bivalves, dated between 7.4 and 4.4 ka cal BP in core 10VC. This shell 
layer is up to 1.5m thick and has distinctive low magnetic susceptibility values, down 
to -1.3 SI*10−8m3/kg in core 06VC (Fig. 5.17). The dominant foraminifera in this facies 
are Quinqueloculina spp., and Haynesina germanica, although other species are 
present in lesser numbers. All foraminifera species decrease in size and relative 
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abundance upcore in this facies (Appendix 2). There are geochemical results for LF5 in 
core 06VC only, in the outer bay. There is an increase upcore in Ca/Ti, Si/Ti and Br/Cl 
content, a decrease in Ba/Ca, Sr/Ca and Fe/Ti content and a constant trend in Sr/Ti and 
S/Ti (Fig. 5.18). There is a sharp boundary between the shell layer and the overlying 
LF8, the youngest facies and the one found at the modern-day seafloor, which has 
been radiocarbon dated to < 2.2 ka cal BP, in core 10VC (Table 5.3 & Fig. 5.25). This 
facies is between 0.32 to 2.57m thick in the outer central bay and is composed of 
brownish grey silty to coarse sand, with abundant intact shells and shell fragments. 
The foraminifera species in this facies are abundant in both number and species type 
and relatively intact. The dominant foraminifera species in LF8 include; 
Quinqueloculina spp., Lagena spp., Cibicides lobatulus, Planorbulina mediterranensis 
and Ammonia beccarii (Table 5.2). The facies has high Br/Cl content and low Ba/Ca and 
Si/Ti contents which show increasing and decreasing trends upcore, respectively. The 
Ca/Ti is high however, it has a decreasing trend upcore in this facies, corresponding to 
the shell layers at the base of this facies.  
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Figure 5.25: The cores in the inner bay, the mid bay, the latter 3 of which (12VC, 03VC & 02VC) are also part of the South Sound and cores in the outer bay central area.  
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Figure 5.26: Cores in the Outer Bay, both North and Central areas.
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5.5.5 Outer Bay - North Sound  
The basement reflector (unit 1) is by far the most extensive seismic horizon in the 
North Sound with outcropping bedrock forming much of the seafloor along the 
northern, southern and western edges of this area (Fig. 5.2). Acoustic Unit 2 tends to 
be predominantly found towards the middle of the North Sound area, between 
Lettermullan and Rossaveel and is absent along the northern and southern edges of 
the North Sound in the west (Fig. 5.5B). Where it is present in the outer bay North/ 
Sound area, it is between 4 and 16m in thickness (Fig. 5.6A) and infills the 
topographical lows in acoustic unit 1 (Fig. 5.2). Sub- unit 3a is patchy and only present 
across a small area northwards of the channel in the North Sound (Fig. 5.2), along the 
northern coastline, from Lettermullan to Rossaveel (Fig. 5.5C). Sub-unit 3a is the 
thinnest in the North Sound, generally less than 4m thick (Fig. 5.6B) and where 
present, generally drapes unit 2. The exception to this is through the North Sound 
channel, were sub-unit 3a is infilling unit 1 (Fig. 5.2) and is up to 11m thick (Fig. 5.6B). 
Sub-unit 3b is the most extensive in the North Sound after unit 1. It is found 
throughout most of the North Sound, with the exception of the northern and southern 
edges in the west, were unit 1 forms the seafloor (Fig. 5.5). Sub-unit 3b is generally 
between 1.5 and 6.5m thick (Fig. 5.6C), and all sediment cores in the North Sound are 
found within the upper 3m of sub-unit 3b. 
The cores in the North Sound are the deepest in the bay, ranging from 40 to 57m in 
depth and have multiple lithofacies; LF2, LF4, LF5 and LF8 (Fig. 5.26). The oldest 
lithofacies in the North Sound is LF2, which is found in cores, 07VC, 17VC and 20VC, 
and has 3 radiocarbon dates, 12.6 and 11.7 ka cal BP (in core 20VC) (Fig. 5.26) and 8.8 
ka cal BP (in core 17VC) and forms the base of the sequence in all 3 cores. LF2 is 
composed of dark grey gravelly sand and silt (Fig. 5.12) with abundant shell fragments. 
P-wave velocity in this facies is high, up to 1888m/s while shear is medium, reaching 
25kPa in the North Sound (Fig. 5.10). The dominant foraminifera species are Textularia 
spp., Quinqueloculina sp., Sahulia conica, and Miliolinella subrotunda. There is an 
abundance of foraminifera in this facies, however, there is also a high number of 
damaged and broken foraminifera. There is a clear decreasing trend in the Si/Ti and 
Ba/Ca content upcore in this facies, while the Br/Cl and Sr/Ba content shows a clear 
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increasing trend upcore. There is a sharp boundary between LF2 and the overlying 
facies LF 5, with a significant increase in intact shell content, while there is a more 
gradual boundary between LF2 and LF4. 
LF4 forms the base of cores 01GC, 18VC and 22VC, and overlies LF2 in core 17VC (Fig. 
5.26).  This lithofacies is not found in any of the other regions and is dated at 10 ka cal 
BP at the base of core 22VC, making it contemporary with LF3 in the South Sound 
(13VC), which is dated at 9.9 ka cal BP (Table 5.3). LF4 is composed of dark grey to dark 
greenish grey, silty mud, coarsening upwards (Fig. 5.12 & 5.16) with very sparse shell 
content. P-wave velocity and shear strength are the lowest in the bay, from 1570 
to1645m/s and 4 to 25kPa, respectively (Fig. 5.15 & 5.16). The dominant foraminifera 
species are Lagena spp., Stainforthia fusiformis, Nonionella turgida and Bolivina spp 
(Table 5.2). This facies does not have a high species diversity and there were very few 
broken foraminifera tests in LF4. The Br/Cl content in this facies shows a slight 
increasing trend upcore, however many of the elements have constant up facies 
trends (Fig. 5.17). The boundary between LF4 and the overlying facies is sharp, with a 
clear change in biogenic content.  
Overlying LF4 is LF5, a shell hash layer, which is dated between 7.3 and 6.2 ka cal BP, 
from 3 radiocarbon dates in cores 20VC (7.3 ka cal BP), 22VC (6.8 ka cal BP) and 07VC 
(6.2 ka cal BP) in the North Sound (Table 5.3). LF5 is a condensed shell hash layer with 
almost no sediment and formed almost completely of the gastropod Turritella. The 
chemical elements in this facies show significant changes from LF4, with large peaks 
evident in Ca/Ti and Fe/Ti content (Fig. 5.17). The boundary between LF5 and the 
overlying LF8 is sharp, with a clear decrease in the abundance of shell content. LF8 is 
composed of a dark grey/brown silt and sand (Fig. 5.12), coarsening upwards. 
Magnetic susceptibility in this facies is higher than in any other area of the bay, 
reaching up to 8 SI*10−8m3/kg. Quinqueloculina spp., Lagena spp., Cibicides lobatulus, 
Planorbulina mediterranensis and Ammonia beccarii are the dominant foraminifera 
species. There is a high relative and species abundance of intact specimens in LF8, 
although they are smaller than in all underlying facies. The geochemistry shows a clear 
trend of increasing Br/Cl content upcore in this facies. While it is the uppermost 
lithofacies, LF8 is not dated in this area (Fig. 5.26).   
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Chapter 6: Interpretation 
The seismic stratigraphy will be interpreted first, working through each unit in detail. 
This is followed by a stratigraphical interpretation using the lithology, 
micropalaeontology (foraminifera), XRF results and radiocarbon dates for each 
individual lithofacies found in the sediment cores. This is then followed by 
sedimentation rates across different time periods following deglaciation, before 
building the regional stratigraphy of the different areas of the bay (Fig. 6.1). 
 
6.1 Seismic Interpretation 
6.1.1 Acoustic unit 1 
This unit is the deepest in the bay and is interpreted as the acoustic basement. It is 
lacking in internal structure and outcrops are visible throughout the bay (Fig. 5.24), but 
particularly in the North and South Sounds (Fig. 5.23), this interpretation of unit 1 as 
bedrock is confirmed by the multibeam data (Fig. 3.2). In the north of the bay, this unit 
is part of the Galway granite complex, while the acoustic basement to the south is 
composed of limestone, split by a fault line running across the bay (Lees and Feely, 
2016). The erosional boundary that exists between Units 1 and 2 is interpreted to have 
been created by glacial action during the last glacial maximum, in particular the 
advance and retreat of the ice sheet through the bay. None of the sediment cores 
reached this unit, however, the base of cores 07VC and 12VC come very close to the 
top of this seismic unit. It is possible that the pebbles and cobbles found in these cores 
are eroded from the bedrock surface, as they generally represent the same lithology 
as the underlying surface; granite in the North (Feely et al, 2003; Selby et al, 2004) and 
limestone in the south (Pracht et al, 2004). The overall topography of the bedrock in 
the bay appears to be defined by the structural geology of the area, rather than the 
erosive force of the ice which was present during the last glacial maximum, in that 
they tend to follow the trend of faults. There is no evidence of U-shaped valleys 
scoured out by ice, or any other features commonly created by glacial erosion (Fig. 
5.24).
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Figure 6.1: A summary of the stratigraphy in the bay, including the different seismic units, lithofacies, rates of sea-level rise and short descriptors of the environment. 
Reworked radiocarbon dates have been excluded, while the X represents facies where there are no radiocarbon dates available (0 represents present day). The angle of 
the arrow indicatess the likely rate of sea-level rise, based on the interpretation of the evidence from each facies/unit. 
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6.1.2 Acoustic unit 2  
This is the oldest identifiable sedimentary unit in the bay. Unit 2’s chaotic/contorted 
reflectors, which are bounded by a high amplitude upper boundary, are indicative of 
ice contact deposits (Gilbert, 1985). Specifically, diffraction hyperbolae in this unit also 
suggests coarser grained material such as boulders, an indicator of glacial deposits. 
These features mean that unit 2 can be interpreted as diamict and based on the glacial 
history of the region (Coxon et al, 2017), is likely to be glacial till, related to the last 
glacial advance on the shelf. Further offshore of Galway other diamict has been cored 
and considered to be lodgement till laid down during the extension of the BIIS (Peters 
et al, 2015, 2016). In Wood’s (2011) study, one core, VC07, comes close to the upper 
boundary of this unit. According to Wood’s description, the base of this core is 
dominated by large pebbles. This corresponds with the evidence from this study, as 
core 20VC lies near the boundary of this acoustic unit and also contains pebbles at its 
base that may have been reworked from this unit. However, none of the cores in this 
study penetrated this unit so we cannot comment further on its sedimentary nature, 
other than to note that it must older than 13.1 ka cal BP, the oldest radiocarbon date 
taken from the sediment cores in the bay.  
This unit shows evidence of the formation of a channel/valley feature on its surface, 
running along the north coast, following the existing Galway fault line which narrows 
and deepens westward, from the north inner bay to the North Sound (Fig. 5.22). Based 
on the position of the ice sheet (Refs. In Table 2.1) and sea-level at the time, which 
was much further offshore (Brooks et al, 2998; Bradley et al, 2011; Kuchar et al, 2012), 
the channel appears to have been cut by glaciofluvial action during the retreat of the 
ice sheet. There is no other evidence of glacial landforms in this unit and it is therefore 
interpreted as a till sheet. The upper boundary of this unit shows erosional truncation 
and has likely been reworked by marine processes in the bay and may represent a 
transgressive surface. 
 
6.1.3 Acoustic sub-unit 3a 
Sub-unit 3a drapes and infills unit 2. Lenticular reflectors at the base of this sub-unit in 
the westernmost areas, suggest deposition in a shallow, variable energy, environment 
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which means the sea-level was much lower in Galway bay, as this unit is up to 70m 
below current sea-level in the outer bay.  This is supported by the prograding infilling 
of depressions and valley features present at the base of this unit, as well as the 
glaciofluvially cut channel in the North Sound (Fig. 5.21 & 5.22). Further evidence for 
meltwater deposits are visible at Leenaum in Connemara, just to the south of Galway 
Bay. Here the glacial meltwater formed a delta (Thomas and Chiverell, 2006).  
Towards the top of this sub-unit, parallel-sub-parallel reflectors are more prominent 
suggesting a lower energy depositional environment (Fig. 5.21). Although it is thicker 
in the rest of the bay reaching up to 12.5m in the inner bay area, it is almost non-
existent towards the westernmost areas of the North and South Sounds. This is likely 
because the fast movement of water through these channels has caused erosion or 
non-deposition. As no sediment cores penetrate this sub-unit it is impossible to 
determine its age. However, based on radiocarbon dates from LF3 in acoustic sub-unit 
3b, this acoustic facies must be older than 13.1 ka BP. The upper boundary of this sub-
unit has a clear medium amplitude reflector and the unit is conformable with the 
overlying unit, suggesting a period of changing deposition, without erosion. Ice extent 
projections for the region show that ice retreated from the bay between 16 – 15 ka cal 
BP and that Galway Bay was completely ice free by 15 ka cal BP (Clark et al, 2009; 
Schiele, 2017). This subunit may therefore represent this phase of the postglacial 
retreat. The infilling prograding nature of the reflectors in the North Sound channel, 
suggests a rising sea-level, while the infilling nature of this unit indicates meltwater 
deposits created by a retreating glacier, and marine deposits, in a deepening 
environment.    
 
6.1.4 Acoustic sub-unit 3b 
The top of this acoustic sub-unit represents the present-day sea floor. This sub-unit is 
found predominantly in the inner and mid-bay areas where it is at its thickest at 8.5m 
(Fig. 5.27) and is not common in the outer central bay or outer North or South Sounds 
(Fig. 5.24). As the strongest wave and current strengths occur in these areas of the 
bay, it is unlikely that deposition would occur here, and if it did, it would likely be 
quickly eroded. Parallel reflectors in this sub-unit represent a steady rate of 
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deposition, while the sigmoidal prograding clinoforms visible from the inner bay 
towards the South Sound (Fig. 5.23) represent a transgressive deposit (Mitchum, 
1977). Sea-level rise was rapid enough to preserve the clinforms and in a quiet enough 
environment to minimize erosion (Catuneanu, 2006). All of the cored material falls 
within this sub-unit, and radiocarbon dates are Holocene in a transgressive 
environment. This corresponds to the cores taken by Wood (2010) which also fall 
within this unit. As there is no seismic data available for the very inner bay, it is 
unknown if the cores taken by Novak (2017), and the borehole cores taken during the 
harbour extension project in Galway Bay extend deeper than sub-unit 3b.  
The cores from this study, taken in the South Sound, suggest a lower energy 
depositional environment, unaffected by strong waves, in the late post-glacial and 
early Holocene period (Fig. 5.25). They correspond to a quieter depositional 
environment, with less erosion, which would have preserved the clinoforms. The 
thickness of this sub-unit, which is the thinnest in the bay at only 8.5m and covers at 
least the past 13,100 years and likely the past 15,000 years, suggests that the average 
sedimentation rate was likely less than 0.65mm/yr (possibly as low as 0.57mm/yr), in 
the mid and outer bay. Even compared with Novaks’ (2017) cores in the inner bay, 
which show a sedimentation rate in the early Holocene of 1-2mm/yr, the mid and 
outer bay appears to have been sediment starved. Although erosion could also 
account for a thinner sub-unit, the depositional sequence in the sediment cores from 
this study, appears to be intact throughout the bay.  
 
6.2 Lithostratigraphical Interpretation 
6.2.1 Lithofacies 1: Mud with occasional laminations 
This sedimentary unit corresponds to the upper part of acoustic sub-unit 3b, and 
although LF1 has not been dated, further westwards in the inner sound the overlying 
facies has been dated to 13.1 cal ka BP. Considering this radiocarbon date, LF1 may 
have been deposited during the Woodgrange interstadial, between ~15 and 11 ka cal 
BP. 
The dominant species of foraminifera in this facies, Quinqueloculina sp, Lagena sp. 
Spirillina vivipara and Miliolinella subrotunda (Table 5.2), represent a temperate, inner 
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shelf environment (marine to estuarine). In particular the dominance of the 
foraminifera Miliolinella subrotunda which is a shallow water species, at its northern 
limit in Ireland (Murray, 2003) suggests that this facies had a warm water influence. 
However, due to time constraints, this interpretation is based upon only one 
foraminifera sample and potentially may be under-representative of the microfossil 
component in this facies.  
While finer laminated sediments such as mud and silt are commonly found in 
glaciomarine environments (Merrit et al, 1995; Ó Cofaigh and Dowdeswell, 2001; 
Peters et al, 2015), the absence of common indicator foraminifera species such as 
Nonionella labradorica, Elphidium excavatum forma clavata, or Cassidulina reniforme 
(Peters et al, 2015; Weilbach, 2018), suggests this is not the case here. Furthermore, 
there are low Fe/Ti and magnetic susceptibility values, which is in contrast with higher 
peaks that are sometimes observed in glacimarine sediments in which ice rafted debris 
is commonly found (Richter et al, 2001; Peck et al, 2007). 
The upwardly increasing Ca/Ti suggests an increase in marine carbonate content, while 
the decreasing Ba/Ca and Sr/Ca, indicative of freshwater inputs, suggest a shallow 
water environment that is deepening upcore. Together these proxies indicate an 
estuarine environment with a strong marine influence that is experiencing sea-level 
rise.  
While the finer grain size typical of this facies can be found in deltas dominated by 
oceanic processes (Postma, 1995; Galloway, 1975; Bhattacharya and Giosan, 2003), 
the lack of shell, low number of foraminifera, and overall lack of any brackish water 
foraminifera, albeit from a single sample, suggests that, once again, this is not the case 
in Galway Bay. 
The increase in S/Ti upcore represents an increase in terrestrial organic matter 
(Rothwell and Croudace, 2006) and anoxic conditions. Combined with the lack of 
bivalves and other species known to oxygenate the sediment through bioturbation, 
these anoxic conditions in the sediment may be preventing colonisation of the area by 
other organisms commonly found in this type of muddy habitat and may be 
influencing the lower relative abundance of foraminifera in the sample in this facies.  
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The fine grain size and the presence of predominantly intact foraminifera are 
indicative of low energy environments and sediments that are not strongly influenced 
by high velocity currents and waves. The influx of Si/Ti and S/Ti at the facies top 
indicates an increase in terrestrial input (Blanchet et al, 2007). The medium shear 
strength and wet bulk density measurements suggest a certain degree of compaction 
in the cores. It is possible that an increased terrestrial runoff in riverine material has 
provided an increase in angular grains, lessening the sorting of the sediments and 
allowing for compaction. The constant Fe/Ti trend upcore represents an unchanging 
terrestrial input of ferromagnetic content and a relatively constant grain size. The only 
elemental ratios that show a noticeable change between lithofacies 1 and the 
overlying LF3, are Ca/Ti and Si/Ti, suggesting a jump in marine carbonate content and 
a drop in terrestrial detrital material input to the bay. This may be due to rising sea 
levels and opening of the bay causing changes in the current patterns and more 
oxygenated sediments allowing for colonisation by more species. The changes 
between this lithofacies and the overlying facies are relatively gradual with no major 
fluctuations, suggesting a transition that is unmarked by extreme changes. 
Overall this lithofacies is interpreted to have been deposited in a semi-enclosed bay 
with low currents, in a sheltered, marine environment with a scarcity of biological 
material due to high terrestrial input causing anoxic conditions. All the data suggest an 
increasing marine influence upcore, likely due to rising sea-levels and an opening of 
the bay. 
 
6.2.2 Lithofacies 2: Gravelly sand and silt 
Lithofacies with the exception of one sample, which is found in the South Sound, is 
confined to the North Sound area (Fig. 5.24). The dates are contemporary with dates 
from the silty sand/sandy silt (LF3) in the South Sound and with the coarsening 
upwards sandy mud (LF4) in the North Sound area. This facies appears to be a time-
transgressive unit that is migrating inland over time, as the older dates are found in 
core 20VC, which is further offshore. 
Based on the presence of larger grains sizes including sand and gravel, these 
sediments were likely deposited in shallow, higher energy, environments. The rounded 
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cobbles in a fine to medium sand matrix indicate transport and may suggest a nearby 
shingle beach deposit, or strong currents (McLean and Kirk, 1969), something 
reinforced by the abundant broken shell and foraminifera tests.  
The high Ba/Ca and Si/Ti and low Br/Cl and Sr/Ba ratios, which are the highest and 
lowest in the cores, respectively, represent a shallow water environment with more 
terrestrial influence, larger grain sizes, low marine organic content and low salinity 
levels (Rothwell et al, 2006; Cao et al, 2016; He and Xu, 2015). The fluctuating nature 
of the S/Ti content in this facies, as seen by large peaks and dips throughout the facies, 
suggests rapidly changing organic content, likely through changing fluvial input (Kasten 
and Jorgensen, 2000), also indicative of a nearshore environment. This corresponds to 
the Sr/Ca content in this facies, which is variable, indicating variability in the 
freshwater input. 
The dominant foraminifera in this facies include Textularia sp., Sahulia conica, 
Quinqueloculina sp. and Miliolinella subrotunda (Table 5.2). These are all marine or 
estuarine species and common in a nearshore environment (Naeher et al, 2012). 
Quinqueloculina sp. has been found to be indicative of mid-latitude, temperate 
environments in other areas of the UK (Horton et al, 1999), while Miliolinella 
subrotunda is at its northern limit in Ireland (Murray, 2003), indicating a relatively 
temperate water marine environment. The presence of the minor species Planorbulina 
mediterranensis, primarily found within the photic zone, generally shallower than 30m 
(Murray, 2006), accompanied by the minor species Haynesina germanica, which 
prefers a brackish water habitat, is also suggestive of a nearshore environment. The 
shells used for dating this facies included Scrobicularia plana, an intertidal species that 
burrows in softer substrata of fluctuating salinity (Murray, 2006), and Moerella 
balthica, an intertidal species known for making a habitat in sandy substrates 
(Luttikhuizen et al, 2003; Murray, 2006). The increasing trend of Ca/Ti content is 
indicative of a strengthening marine influence towards the top of the facies (Sluijs et 
al, 2011). This correlates with the increasing trends of Sr/Ba and Br/Cl upcore, which 
show increasing levels of salinity and marine organic content. The S/Ti and Si/Ti values 
have a decreasing trend upcore and suggest a decrease in the terrestrial input, both 
organic and inorganic, probably due to decreased runoff towards the top of the facies. 
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The decreasing trend of S/Ti also indicates a move from a more anoxic to a more 
oxygen-rich environment. This suggests that the water is deepening upcore and there 
is a lesser terrestrial influence in this area of the bay, likely due to sea-level rise. Fe/Ti 
values show a low, constant to increasing trend upcore, fitting with a decrease in 
terrestrial input as well as the slight fining of the grainsize towards the top of the 
facies. In general, this shows a rising sea-level, an increase in marine influence and full 
connection of the bay with the Atlantic Ocean.  
This lithofacies is found only at the core bottom and is generally a thinner facies than 
any of the others. This may be due to core penetration being insufficient to obtain a 
higher volume of material. The high p-wave velocity, low electrical resistivity and 
medium shear strength values all suggest that this sediment is relatively compacted. 
The radiocarbon dates in this facies in core 20VC are out of sequence, with the 
younger shell date of 11.5 ka cal BP located deeper in the facies than the foraminifera 
date of 12.6 ka cal BP (Fig. 5.30), suggesting that there is reworking in this facies. 
Although every attempt was made to avoid picking foraminifera species that were 
damaged or appeared transported, it is likely, due to the high number of specimens 
used for dating, that this sample may have contained foraminifera that were reworked 
from underlying sediment. The shell dates in this facies place it between 11.7 and 8.8 
ka cal BP.  
Overall, the combination of mixed sediments, intertidal foraminifera and burrowing 
molluscs alongside reworked, compacted sediments, suggests that this facies is a 
shoreline deposit, with fluctuations in terrestrial input, but an overall reduction 
towards the facies top.  
As no data from the elemental ratios are available on the actual boundary between 
this facies and the overlying lithofacies 4, no obvious changes are evident. The  
boundary between lithofacies 2 and the overlying lithofacies 5 is quite gradual in the 
geochemical data, indicating a transition without significant geochemical changes. 
However, the transition between LF2 and LF5 in the sediment composition indicates a 
sharp change, likely a shift to a lower energy environment, due to the significant 
increase in intact shell content, particularly gastropods. 
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6.2.3 Lithofacies 3: Silty sand / Sandy silt 
Lithofacies overlies lithofacies 1 in core 03VC but forms the base of all other cores. The 
water depth of this facies is similar to both LF1 and LF2, and the radiocarbon dates in 
core 13VC of 13.1 and 9.9 ka cal BP, correspond with the timeframe from LF2 and LF4. 
Based on the fine grainsize (silt and fine sand) and presence of both broken and intact 
foraminifera tests, it is likely that LF3 was deposited in higher energy conditions than 
the underlying LF1 but lower energy conditions than LF2. The grainsize throughout the 
facies is uniform, supported by the relatively unchanging Fe/Ti content upcore.  
The species of foraminifera found in this facies are commonly found in shallow water, 
marsh and subtidal areas (Table 5.2). More specifically, Haynesina germanica is 
indicative of brackish intertidal marsh and estuarine conditions in which muds and silts 
accumulate (Murray, 1991). Quinqueloculina sp, is found in intertidal environments 
(Horton et al, 2006) and Ammonia becarii are tolerant to low salinities, such as those 
in brackish conditions.  They are at the limit of their northern range in Ireland (Murray, 
1979, 1991), suggesting that this is also an environment with temperate waters 
(similar to those of modern conditions).  Jadammina macrescens is only found in 
marsh areas, in <10m water depth (Horton et al, 2006), while Elphidium excavatum is a 
species tolerant of brackish conditions and is abundant in areas with euthrophic 
conditions, such as tidal flats (Murray 1971; Nooijer et al, 2008). Overall, the species 
found in this facies, particularly at the bottom, are commonly found on middle to low 
marsh areas and are indicative of temperate temperatures and low salinity (Horton 
and Murrray, 2007). This facies also has a very high diversity and relative abundance of 
foraminifera in the cores (Appendix 2), which is suggestive of a high level of 
productivity.  
The Ba/Ca, Sr/Ca, Br/Cl and Sr/Ba content in this facies all indicate a shallow water 
environment, with low marine organic content and salinity. The changing species types 
upcore suggests an increasing marine influence and a move towards a more estuarine 
environment with the introduction of Lagena sp., while the increase in size and 
abundance of the dominant species suggests higher productivity, possibly from 
increased nutrients carried into the bay by ocean currents. The reduction of 
Nonionella turgid, a species that tends to prefer more anoxic environments, as well as 
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the overall increases in size and diversity of foraminifera suggests an increase in the 
oxygen levels upcore (Bernhard and Sen Gupta, 1999; Naeher et al, 2012). This is 
supported by a decrease in S/Ti upcore, which indicates a drop in terrestrial organic 
content and a more oxygen-rich environment upcore. Again, this indicates an opening 
up of the bay and an increased marine influence.  
The reduction of Elphidium excavatum upcore is likely related to a reduction in the 
sediment input, as this species prefers high loads of fresh organic material (Nooijer et 
al, 2008). This may be due to a reduction in terrestrial runoff, as the decreasing Si/Ti 
upcore suggests a decrease in detrital material. This reduction in Si/Ti is seen until 
near the facies top, were there is an increase in Si/Ti, coinciding with a similar 
decrease in Br/Cl, suggesting an influx of terrestrial detrital material. As there are no 
other significant changes in the chemical or biological proxies in the facies, this may 
indicate a wetter climate and increased hinterland runoff.   
The p-wave velocity and shear strength values decrease from the bottom to the mid 
facies, indicating that there was compaction of this facies near the base. Compact 
sediments are also more likely to experience anoxic conditions as there is less 
bioturbation and therefore ventilation (Aller and Yingst, 1978; Kristensen and 
Blackburn, 1987). The trends visible in the Ba/Ca, Ca/Ti, Sr/Ba and Br/Cl content 
upcore shows a deepening environment with increased carbonate content, salinity 
and marine organic content. This suggests a continuous increasing marine influence.  
Overall this facies is interpreted to have been a sheltered, sub-tidal environment with 
an increasing marine influence caused by increasing sea-level, leading to estuarine 
conditions towards the facies top. The increase in oxic conditions coupled with sea-
level rise, suggests a continuation of the opening, and increased circulation, in the bay. 
There is a seamless transition in the elemental data between lithofacies 3 and the 
overlying lithofacies 5, suggesting no abrupt changes and a continuation in deposition. 
However, the visible changes in biological material are sharp, with a distinct increase 
in intact shell content showing the environment favours the colonisation by 
gastropods, possibly due to a change in the sediment supply. 
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6.2.4 Lithofacies 4: Coarsening upwards sandy mud  
The only radiocarbon date in LF4 was from the base of core 22VC, at 10 ka cal BP. This 
date is contemporary with the deposition of both the gravelly sand and silt (LF2) and 
silty sand/sandy silt (LF3) units. However, the sediment in LF4 was deposited in a much 
deeper environment.  
This facies is composed of coarsening upwards, sandy mud and it is interpreted as 
sediment deposited in a fully marine environment. The foraminifera content in this 
facies shows a marked transition from the underlying lithofacies 2, with none of the 
dominant species remaining the same and a decrease in abundance and diversity 
(Table 5.2; Appendix 2) This, along with the preservation of intact bivalves and lack of 
fragments, suggests low current velocities and wave strength. The dominant 
foraminifera species in this lithofacies include: Lagena spp., Nonionella turgida, 
Stainforthia fusiformis and Bolivina spp. (Table 5.2). Lagena spp. is a delicate species 
commonly found on the shelf, preferring more marine conditions with salinities 
>32ppm (Murray, 1979; Jingxing and Luping 2012). Stainforthia fusiformis is found in 
most types of subtidal clastic sediments from mud to sand, between 5-16˚C (Collison, 
1980; Murray, 1986) and salinities generally above 28ppm (Gustafsson and Nordberg, 
2000) and is a known opportunist of organically enriched sediments (Gooday & Alve, 
2001; Duijnstee et al, 2005). Nonionella turgida is known to reflect higher chlorophyll 
concentrations in the water (Gustafsson and Nordberg, 2000; Murray, 2006) but is 
intolerant of low oxygen environments (Brattstrom et al, 2015). Bolivina spp are 
resistant to short term anoxia but cannot survive in low oxygen environments for 
longer periods of time (Alve, 1995). The presence of Rosalina praegeri and 
Quinqueloculina spp also suggest a temperate environment (Austin and Kroon, 1996). 
The presence of these foraminifera species together with low S/Ti levels, indicate less 
terrestrial organic content and a more oxic environment. These foraminifera species 
also suggest a rising sea-level. This may have caused an increase in circulation and 
oxygenation of the water in the bay. This is supported by the trends upcore in Ca/Ti, 
Br/Cl, and Ba/Ca (Fig. 5.10), which show an increase in the carbonate content, marine 
organic content, and salinity, corresponding to an increasingly open marine 
environment. The Sr/Ca trend is variable and suggests that it is being affected by 
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freshwater input to the bay. This is supported by peaks in other proxies for terrestrial 
input, including S/Ti and Fe/Ti.  
The scarcity of shell (both bivalve and gastropod) species and low abundance of 
foraminifera, found in this temperate, nutrient rich, well oxygenated lithofacies 
suggests that another factor is causing species not to colonise an otherwise ideal 
habitat. This is likely an indication of a high sediment supply to the area, supported by 
the sedimentation rate in this facies, one of the highest in the bay (0.78mm/yr), which 
would also explain why many of the dominant foraminifera species that are present 
are opportunistic foraminifera that can survive in a higher stress environment.  
This facies has the lowest p-wave velocity and lowest electrical resistivity and shear 
strength measurements in the bay (Fig. 5.9 & 5.10). This may be due to the relatively 
unchanging nature of the well oxygenated sediment causing an increase in porosity. 
Although the p-wave velocity is low, there are large peaks throughout the facies and 
correspond to changes in the shear strength measurements. It is possible that fluxes of 
sediment led to less well sorted material and caused some compaction at various 
points in this facies. The low magnetic susceptibility values correlate to the low Fe/Ti 
and Si/Ti content and also correspond with the relatively uniform grainsize throughout 
the facies. 
Overall, this is a low energy, oxygenated environment with a large sediment supply 
and an increase in sea level upcore. The boundary between this lithofacies and the 
overlying shell hash (LF5) is sharp with major changes in nearly all elements. This 
indicates a significant change in the depositional environment represented by a sharp 
boundary that is visible in the lithology, chemistry and biology, across the bay. The 
presence of this facies, only in the North Sound, in the cores in the greatest water 
depth, may be due to the steep gradient of the topography in this area. This may have 
meant that even though sea-level was rising, the deposition of these sediments was 
laterally confined (Swift, 1976; Kidwell, 1989). 
 
6.2.5 Lithofacies 5: Shell hash  
The shell hash (LF5) has been dated across the bay, between 7.4 to 4.1 ka cal BP, with 
dates of 7.4 and 4.4 ka cal BP taken near the base and top of this unit respectively, in 
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core 10VC. Although this facies is found at varying depths, from 33.2 to 57.2m, the 
dates in core 10VC indicate an environment suitable for the deposition of Turritella 
over a prolonged period of time. These dates are also contemporary with Turritella 
layers found in cores from other locations, including those found in Scotland and 
France (Baltzer et al, 2015) and may be indicative of wider regional climatic trends.  
This facies, dominated by shell, both gastropods and large intact bivalves in layers, is 
interpreted as a deposit not in the surf zone. The overwhelming presence of Turritella 
communis, a burrowing filter feeder that does not survive in turbid waters (Yonge, 
1946) and is predominantly found on soft bottoms (Hayward and Ryland, 1995), 
suggests that there was a change in the level of sediment in the water column, 
compared to the underlying lithofacies. This species indicates a lower sediment supply 
in a quieter depositional environment. The presence of molluscs such as oysters, 
cockles and mussels show that the environment was estuarine with a significant 
freshwater flow, in the subtidal range (Tully and Clarke, 2012; Hayward and Ryland, 
1995). This is reinforced by the foraminifera that are dominant in this facies: 
Quinqueloculina spp., and Haynesina germanica. These are commonly found in 
subtidal and brackish/estuarine conditions (Horton et al, 1999; Murray et al, 1971). 
Due to the size and abundance of the molluscs in this facies, a high level of nutrients 
and an oxygenated environment would have been necessary, while the presence of 
Quinqueloculina spp suggests a temperate environment (Horton et al, 1999).  
The intact shell beds and relatively intact foraminifera species in this facies combined 
with the grain size, ranging from medium/fine sand to silt, suggests a lower energy 
environment than the underlying gravelly sand and silt (LF2) but a higher energy 
environment than the underlying sandy silt/silty sand (LF3) and the coarsening 
upwards sandy mud (LF4) units. 
The chemical data in this lithofacies are highly variable with gaps throughout. This is 
due to the sheer volume of shell and subsequent uneven scanning surface. This means 
that the chemical data for this lithofacies needs to be treated with caution. However, 
general trends can still be recognised.  
The Ca/Ti levels show an increasing trend upcore that could be attributed to an 
environment that is becoming deeper up facies or to the exceptionally high content of 
Chapter 6                                                                                                                 Interpretation 
 
157 
 
calcium carbonate in the shell hash. Although the Ca/Ti content may be due to the 
composition of this facies, the trends in Ba/Ca, Sr/Ca, Br/Cl and Sr/Ba also support 
increasing water depths, with increasing marine organic content and salinity up facies. 
Fe/Ti content generally remains constant or increases slightly upcore, indicating less 
ferromagnetic material. This is an inverse relationship to the Si/Ti levels which show a 
decrease. Since grainsizes in this facies are variable, it is likely that this trend is due to 
terrestrial runoff, in particular from a source high in silica and lower in iron. This 
source appears to be more dominant in the deeper water as the North Sound cores 
experience peaks in iron input. In 2 of the cores, 03VC and 06VC the Fe/Ti 
concentration is decreasing up facies. This may be due to their geographical locations 
in the bay, as 06VC is close to Inishmor and 03VC is further towards the inner bay. This 
may indicate different sediment sources but is more likely an indication of a decrease 
in the fine sediment and a coarsening upwards trend (Fig. 5.12). The variable p-wave 
velocity and low gamma density measurements are most likely due to the sheer 
abundance of shell in this facies, causing a high level of disturbance in the readings 
and the fact that the shell is much less dense than sediment. Overall, this facies, which 
is saturated with shell, is interpreted as a medium energy environment with high 
productivity and an oxygenated water supply, during a period of sea-level rise. The 
changes in biological content between this facies and the overlying poorly sorted, 
coarsening upwards silt to coarse sand (LF8) are significant, while the chemical 
changes are minor, with the transition interpreted to be due to a change in sediment 
supply, possibly due to rising sea-levels and changing circulation in the bay, as well as, 
terrestrial runoff. The chemical changes between this facies and the underlying facies 
are also gradual, with the exception of the coarsening upwards sandy mud (LF4), in the 
North Sound, which shows a marked change across all chemical elements (Fig. 5.10), 
and represents a very different environment, with a much higher sediment supply. 
 
6.2.6 Lithofacies 6: Interbedded sandy silt and silty sand  
LF6 is interpreted to be a subtidal environment, with the laminated, interbedded 
nature of this facies indicative of variable currents capable of moving and depositing 
different sediment sizes. This is supported by the level of preservation of the 
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foraminifera species, with a combination of broken and intact tests. However, as only 
2 microfossil samples have been examined in this facies, caution has been used with 
the use of foraminifera species as environmental indicators. Instead interpretations 
were based primarily upon the geochemical and sedimentary information and 
reinforced by the microfossil content in this facies, which also indicates a subtidal area, 
with species such as Ammonia beccarii and Elphidium excavatum composing a 
majority of the facies and Haynesina germanica present in lesser numbers (Table 5.2). 
Elphidium excavatum is a species that flourishes in environments with a large volume 
of fresh organic material and is commonly found in strong tidal areas (Murray, 1971; 
Nooijer et al, 2008). Spirillina vivipara, a species found in smaller amounts in this 
facies, is a species that attaches itself to objects, such as seaweed, and can be found in 
estuary mouths (Murray, 2003). Haynesina germanica and Ammonia beccarii are 
species commonly found in brackish conditions (Murray, 1979). These species are all 
commonly found in temperate environments (Murray, 1979, 2003; Holzmann and 
Pawlowski, 2000). The brackish water foraminifera indicate the presence of a nearby 
freshwater input during the deposition of this lithofacies. This is supported by high 
levels of S/Ti, indicating a high organic content in the environment. Although other 
processes such as river floods and storms could generate this type of environmental 
conditions, the low Ba/Ca and Sr/Ca ratios suggest no massive freshwater input 
events. Storms affecting areas this far into the bay would have been very powerful and 
would likely have caused higher breakage in the microfossil content. 
Shell fragments and extensive bioturbation, indicative of tidal flat areas (Reise, 1985; 
Vernberg, 1993; Dittmann, 1996; NPWS, 2006), are evident throughout the facies, 
however, no intact shells have been found. This suggests that there is a high level of 
sediment that may be preventing filter feeders from colonising this area. Medium 
shear strength values in this facies (Fig. 5.20), in comparison with the rest of the bay, 
indicate a degree of compaction in the sediment. This may have been caused by the 
variations in grain size (from medium to fine sand and silt) leading to a lower level of 
sorting and higher compaction.  
The overall trends of decreasing Ba/Ca and increasing Br/Cl and Sr/Ba content upcore 
show a deepening environment with increased marine organic content and salinity, 
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suggesting a rising sea-level. The Ca/Ti, Sr/Ca and Si/Ti content is constant upcore until 
the top 30cm of this facies where an increase in Ca/Ti and a decrease in Sr/Ca indicate 
a sudden deepening of the environment, while an increase in the Si/Ti indicates a 
sudden rise in detrital input. The deepening environment corresponds with the overall 
trend of rising sea levels. The rise in detrital input at this point may be due to the 
migration of a river system and a change in the deposition of terrestrial material. 
While there is no seismic data available for the inner bay area in this study, Clarke 
(2013) recognises migrating palaeo-channels in his seismic data in the inner bay, 
though he attributes this to deglacial and early Holocene changes. The evidence from 
this study suggests that this facies is older than 2.2 ka cal BP, as the overlying LF8 has 
been dated in the outer bay.  As this environment is not terrestrial, sea-level was at 
least at -31m, something which is unlikely to have been true before 8 ka cal BP, based 
on GIA derived RSL predictions for the bay (Brooks et al, 2008; Bradley et al, 2011; 
Kucher et al, 2012). This places the deposition of this unit within the mid-Holocene, a 
period known for fluctuating wet and dry climatic events (Kaufmann et al, 2004; Bjune 
et al, 2005; McDermott et al, 2005; Caseldine, 2006; Magny et al, 2006; Roland et al, 
2015; Wanner et al, 2011). The variability that is evident throughout the chemical 
analysis, with peaks and dips common in almost all the elemental proxies, also 
supports a dynamic tidal environment with fluctuating terrestrial input. Overall this 
facies represents a variable energy subtidal environment, in the vicinity of a river.   
 
6.2.7 Lithofacies 7: Silty sand 
Like the underlying LF6 there are no radiocarbon dates for LF7, but it is interpreted to 
have been deposited in the mid-Holocene, based on the water depth which it is found 
in, and the constraining date for the overlying facies of poorly sorted, coarsening 
upward silt to coarse sand (LF8) in the outer bay dated to 2.2 ka cal BP (Fig. 5.25). 
LF7 is interpreted to be a shallow water deposit near the mouth of a river. The broken 
shell fragments throughout this facies suggest a high energy environment. The 
presence of Elphidium excavatum also suggests a high energy environment with an 
abundant sediment supply (Murray, 1971; Nooijer et al, 2008), while the grainsize 
shows a distinct coarsening from the underlying interbedded silty sand and sandy silt 
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(LF6) (Fig. 5.14), which may indicate either shallowing or an increase in energy. The 
chemical proxies of Si/Ti and Sr/Ba, which are high and low respectively, suggest a 
large influx of terrestrial material and a fresher water environment.  
The drop in abundance of foraminifera in this facies, in comparison to the underlying 
unit, may be due to an increased sediment supply, as the foraminifera species show no 
indication of a decrease in nutrients, however, as there is only one foraminifera 
sample, this may not be representative of the entire facies. The S/Ti content is low, 
suggesting a relatively well oxygenated environment. The Si/Ti content supports this 
as it is the highest in the core, in this facies, showing a jump from the underlying facies 
(Fig. 5.15). Alongside the increase in grainsize, this is interpreted as a large influx of 
detrital material. The sharp change in density evident in the x-ray (Fig. 5.15), between 
this facies and the underlying interbedded silty sands and sandy silt (LF6), also 
supports a change from tidal/subtidal to shallow water.  
The dominant foraminifera in this facies include: Haynesina germanica, 
Quinqueloculina spp. and Ammonia beccarii (Table 5.2). These are all common species 
in intertidal/subtidal areas, in particular in brackish conditions (Murray, 1979), 
suggestive of an environment with a stronger freshwater influence, at least during the 
period of deposition near the facies top. 
Ca/Ti levels show a strong increase in the carbonate content up facies alongside a 
decreasing trend in Ba/Ca and Sr/Ca trends upcore is representive of a deepening 
environment and sea-level rise. The Br/Cl content remains constant upcore (Fig. 5.15) 
suggesting an overall unchanging level of marine organic content throughout this 
facies. 
The high levels of Ba/Ca, in particular at the base of the facies, which are the highest in 
the core and which shows a significant increase from the underlying facies, indicate a 
significant freshwater influx, something that correlates with the significant decrease in 
Sr/Ba, a salinity indicator, from the underlying facies. The Sr/Ba remains low 
throughout this facies and immediately returns to previous levels in the overlying 
facies, suggesting that this was a period of lower salinity caused by a freshwater influx 
rather than a sea-level fall. 
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Overall this facies is interpreted to represent a high energy shallow water deposit 
characterised by a large increase in freshwater and detrital material, likely from a 
riverine source during a flooding or storm event. 
 
6.2.8 Lithofacies 8: Poorly sorted, coarsening upwards silt to coarse sand  
Lithofacies 8, which represents the core top across the bay, is dated mid facies at 2.2 
ka cal BP in the outer bay, in core 10VC, suggesting this facies is at least 2200 years 
old, though it is likely older than this. 
This facies represents the modern seafloor and is interpreted as a fully marine, 
coarsening upwards, silt and sand unit deposited in a high energy environment. The 
range of grainsizes, from sandy silt to coarse sand, and abundant shell fragments in 
this unit supports the interpretation of a high energy environment, likely affected by 
both strong currents and waves. This is supported by the thickness of the facies, which 
is thinnest in the deeper areas of the North Sound, corresponding to the stronger 
currents in this area (Fig. 3 & 5.26). Many of the cores with coarser lithologies are 
found near the coastline around the bay and are likely to have terrestrial sediment 
sources. A difference in sediment sources due to the varying core locations may be the 
cause of the range in the p-wave velocity, magnetic susceptibility and electrical 
resistivity, all of which are highly variable. This is supported by the S/Ti content which 
is also highly variable, suggesting changing terrestrial organic content throughout this 
facies.  
Many of the cores in the North and South Sounds show a decrease in S/Ti up facies 
while the cores in the mid-inner bay area show an increasing trend, likely due to their 
closer proximity to land.  The lack of gastropods, in particular Turritella communis, 
suggests that there is an abundant sediment supply, making the environment 
intolerable for these filter feeders. The diverse range of foraminifera and abundance 
of bivalve shells suggests a high level of productivity. Many of the dominant 
foraminifera species found are common marine and inner shelf species, while 
Quinqueloculina spp. and Ammonia spp. are found in warm temperate waters (Horton 
et al, 1999; Murray, 1971, 1979). Cibicides lobatulus and Planorbulina mediterranensis 
are epifanual, known to cling to substrates, including seaweeds (Murray, 1979). This 
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suggests that the depositional environment was temperate and marine, with abundant 
organic material, representing optimum environmental conditions for a range of 
species. Although the foraminifera species are more diverse and abundant, they are 
also smaller in size than those found in other facies. It is possible that while there is a 
high level of productivity, increased competition for food has meant smaller test sizes 
(Lipps, 1983).  
The Ca/Ti is high throughout this facies and shows a decreasing trend upcore. The high 
content of Ca/Ti corresponds to the abundant shell fragments and layers of intact 
shells throughout the facies. The decreasing carbonate content upcore may be tied to 
shell layers that, in all cores analysed with XRF, have larger shell content nearer the 
base of the facies. Ba/Ca and Br/Cl content are, respectively, the lowest and highest in 
all cores in the bay in this facies and are decreasing and increasing upcore. This 
represents a deepening environment and increase in marine organic content, also 
suggesting that this facies represents a rising sea-level. This is reinforced by increasing 
salinity levels upcore, with Sr/Ba showing an increasing trend (Fig. 5.18). Conflicting 
with this is the Sr/Ca trend which shows variability, but a generally increasing trend up 
facies. However, this may be due to an increase in freshwater to the bay, possibly 
through increased hinterland runoff. This corresponds to the increasing trend in Fe/Ti 
content and the variability in the other terrestrial proxies. Si/Ti and Fe/Ti content 
decreases and increases upcore, respectively, something which does not appear to be 
related to the grainsize. This represents a change in the provenance of detrital input 
upcore and suggests a terrestrial source that is higher in iron. This increase in 
terrestrial material may be due to a wetter climate, or a change in the land use of 
terrestrial habitats, such as the increase in human settlements and the 
implementation of farming in the area, causing increased runoff into the bay (Ren et 
al, 2009). 
Overall this facies suggests a fully marine environment, with abundant resources 
available for colonisation by various species. This may suggest a good level of 
circulation in the bay, providing oxygenated waters and a high level of productivity 
across the bay. The changes in grain size within this facies may also be due to the way 
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the currents have transported material around the bay, winnowing of the finer 
sediments in areas with higher currents and stronger waves or marine energy. 
 
6.3 Sedimentation Rates 
Sedimentation Rates in Galway Bay are based on the literature for known ice limits, 
deglaciation and ice retreat from the bay (References in Table 2.1), as well as 
radiocarbon dates taken in different lithofacies in the cores in this study. These 
sedimentation rates cover the time period from when ice began to retreat from the 
bay until present day. 
The sedimentation rates during the deglacial period are <12.5mm/year, based on the 
maximum thickness of seismic unit 3a (12.5m) and a 1000-year time period from 16 -
15 ka cal BP, based on the accepted literature of when deglaciation in the bay began 
and when the bay was ice free. For the period from the post-glacial to present day the 
sedimentation rate is <0.57mm/year, based on the maximum thickness of the seismic 
unit 3b (8.5m) across a 15,000-year time period, from when the bay is accepted to 
have been ice-free. The sedimentation rate during the post-glacial to early Holocene is 
0.1mm/year, based on the radiocarbon dates of 13.1 and 9.9 ka cal BP and the 
thickness of the facies between these 2 dates (220cm). The sedimentation rates 
between the early-mid Holocene in the north of the bay vary between 0.19 and 
0.78mm/year. The former was calculated based on radiocarbon dates between 11.7 
and 7.3 ka cal BP, taken in LF2 and LF5, respectively, While the latter was calculated 
based on radiocarbon dates between 10 and 6.8 ka cal BP, taken in LF4 and LF5, 
respectively. The difference in sedimentation rates during this period is clearly based 
on the lithofacies, with the deeper, western most area of the bay experiencing much 
higher sedimentation rates than the more easterly beach environment. In the south of 
the bay the mid-Holocene sedimentation rate is 0.25mm/year, based on radiocarbon 
dates of 7.4 and 7.4 ka cal BP in LF5 and the thickness of the facies between these 
dates (0.75cm). The sedimentation rate for the late Holocene is 0.47mm/year, based 
on a single radiocarbon date at 2.2 ka cal BP, taken in LF8 and the thickness of the 
facies between this date and the core top, which is taken to represent present day.  
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All of these sedimentation rates assume that no erosion has taken place in order to 
provide estimates of the sedimentation rates in the bay.  
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Table 6.1: A table showing the sedimentation rates in Galway Bay from deglaciation to present day. These rates all assume that there is no erosion of sediment occurring 
within the bay and have assumed that the core top/seabed represents present day. Rates in Blue have used the literature to obtain time ranges. Rates in Black are those 
were 2 radiocarbon dates are present within a sediment core. Rates in Red have a single radiocarbon date.
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6.4 Sequence stratigraphy interpretation 
6.4.1 Inner bay stratigraphy 
The analysis of seismic data in the inner bay is restricted to areas westward of 
Ballyvaughan due to unavailability of seismic lines further eastwards (Fig. 3.5), while 
these data had been acquired by INFOMAR, the portion from the inner bay was lost, 
and no other studies using this data have been published. There is almost no evidence 
of the bedrock unit in the inner bay, while the till unit is also sparse and confined to 
near the boundary of the mid-bay. Units 3a is at its thickest (up to 12.5m) where it is 
visible along the mid-bay boundary. The concentration of 3a in this area suggests that 
as deglaciation in the bay was occurring there was high levels of glaciofluvial 
deposition, depositing large volumes of sediment, possibly along a paleo river system 
in the inner bay (Clarke, 2013). Where the sediment is thickest in unit 3a, there is less 
sediment deposited as unit 3b, though it is still up to 4m thick in the centre of the bay. 
Along the northern coastline, once again very close to the mid-bay boundary, there is 
an increase in the volume of sediment (~8m thick). This suggests that a palaeo river 
system in the inner bay may have migrated towards the north after total deglaciation 
in the bay. A rising sea-level may also have contributed to the lower levels of 
deposition in this area, as the coastline moved inland.  
LF6 is the oldest facies cored in the inner bay. This layered/laminated, inter-bedded 
sandy silt and silty sand unit with shell fragments and an abundant mixture of broken 
and preserved foraminifera tests is representative of a variable energy, tidal flat. The 
foraminifera species and elemental data indicate a nearby riverine source and a high 
sediment supply. The chemical elements show a constant sea-level upcore until near 
the facies top, where a deepening environment is evident. This implies that sea-level 
was static at the base of this facies (28.5m bsl), and then started to display a 
deepening trend near the top. Although no dates were obtained from this facies, on 
the seismic lines it is seen to correspond to (the middle) of U3b (Fig. 6.1). In the core, 
the boundary between LF6 and the overlying LF7 is sharp. 
LF7 is a silty sand facies with abundant shell fragments. The chemical data and 
foraminifera species suggest a shallow, high energy environment with an abundant 
sediment supply, near a riverine source, that has input a significant level of freshwater. 
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The elemental trends suggest a deepening environment upcore. However, the salinity 
levels remain constant throughout this facies, and there is significant terrestrial 
indicators in this facies, perhaps suggesting a slower sea-level rise. The boundary 
between LF7 and the overlying LF8 is sharp. 
Overlying LF7 is LF8, a silty sand facies with abundant shell, both intact in layers and 
fragments. The elemental data and foraminifera species abundance and diversity 
suggest a fully marine, oxygenated facies with high terrestrial input and rich in 
nutrients, deepening upcore. There is no evidence of significant changes in lithology or 
biological content that would indicate the speed of sea-level rise (Fig. 6.1). 
 
6.4.2 Mid-bay stratigraphy 
The limit of penetration in the mid bay, unlike the inner bay, is generally not 
represented by glaciofluvial deposition. In this area, glacial till is evident as a thinner 
sheet (~4m) that overlies the bedrock, at ~25m bsl. Unit 3a is present across the inner 
bay, but thickest in the South West and North West directions of the Sounds (Fig. 
5.23B & 5.23C). This pattern of deposition follows the topography with these areas 
deeper than other parts of the mid bay, suggesting that once again the glaciofluvial 
deposition was enhanced by the presence of palaeo channels, with the inner bay 
representing a deltaic system and the final outwash present in the mid bay.  
Unit 3b is thickest in the mid-bay, once again in northwest and southwest directions, 
overlying the glaciofluvial unit. This indicates that rising sea-levels are depositing 
sediment and infilling the topographically lower South Sound area and the 
glaciofluvially cut palaeochannel along the northern shoreline of the mid-bay. The 
thickest deposition in unit 3b also corresponds to a prolonged period of stable 
conditions during a sea-level slowstand that corresponds to the deposition of LF3. 
The mid-bay area contains the highest number of different lithofacies. LF1, LF2, LF3 
and LF5 are found in the South Sound area of the mid-bay, while LF8 is found across 
the entire mid-bay area.  
LF1 is found in only 1 core, 03VC, below the oldest dated lithofacies (LF3) in the bay. 
However, its age cannot be confirmed in the mid bay as the dated facies was from a 
core lying further westwards, which is slightly deeper and does not contain LF1. LF1 is 
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composed of silty mud, with occasional laminations and almost no shell content. 
When combined with the foraminiferal and elemental data, this facies is found to 
represent an anoxic, low energy, estuarine/marine environment (Fig. 6.1) with a 
significant terrestrial input and deepening upcore. There are no drastic changes 
upcore in this facies, suggesting a stable environment. This may also suggest that sea-
level rise was constant upcore. Overlying LF1 is LF3, composed of silty sand with shell 
fragments and is interpreted to be a middle-low marsh, low energy, high productivity, 
sheltered environment which deepens upcore. LF3 is the oldest dated facies in the 
bay, between 13.1 and 9.9 ka cal BP, but has not been dated directly in the mid-bay 
area. As the transition between the underlying facies and this facies shows a clear 
increase in the abundance and diversity of foraminifera species, minor elemental 
changes and a change in grainsize, this may represent a period of faster sea-level rise 
(Fig. 6.1). This continues upcore in the facies, with steady changes in the geochemistry 
and foraminifera. 
Contemporary with LF3 is LF2, which is dated at 11.5 ka cal BP, in core 12VC. LF2 is 
composed of gravelly sand and silt, with cobbles reaching up to 11cm in diameter, and 
abundant shell fragments. The lithological, foraminiferal and elemental data for this 
facies is suggestive of a high energy shoreline deposit, at a depth of 42.6m bsl, with a 
strong terrestrial input, that is deepening upcore. Overlying LF2 or LF3 is LF5, found in 
all mid-bay, South Sound cores. This shell hash unit, with an abundance of intact 
Turritella sp, represents a medium energy, marine environment with a low sediment 
supply, which is deepening upcore. Dates from LF5 are 5.6, 4.1 and 0.9 ka cal BP, 
although the 0.9 ka cal BP is considered to be reworked from the overlying facies and 
the date of 4.1 ka cal BP is considered to represent the top of this facies.  
While the other cores in the mid-bay area only contain LF8, it is possible that 
penetration of the vibrocorer merely did not extend far enough to capture LF1, 2, 3 & 
5 in cores 11VC and 16VC as they are both under 0.7m. It is also possible that these 
cores represent a different depositional environment. 
Overlying LF5 is LF8, a coarsening upwards sandy silt to fine sand with abundant shell 
fragments, found in all mid-bay cores. The facies represents a more open bay, in a high 
energy, high productivity, oxygen rich environment, that is deepening upcore (Fig. 
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6.1). Although there are no dates in this facies in the mid bay, it represents the 
modern-day seafloor and most recent deposit in this area. 
 
6.4.3 Outer bay – South Sound stratigraphy 
The most extensive seismic unit in this area is the bedrock, which is outcropping in the 
outer South Sound. Along the sides of the Sound there is a thin drape of other 
sedimentary units, generally glacial till and marine sediments, which are less than ~4m 
thick (Fig. 5.23). The lack of sediment, coinciding with the strongest current and wave 
velocities in the Sound (Fig. 4.3) suggests that erosion is extensive, and sediment has 
been removed. A drop in current and wave velocities and the presence of prograding 
clinoforms moving eastwards represents an increase in sediment deposition and a 
reduction in erosion (Fig. 6.1). This is also seen in the thickness of each lithofacies in 
the cores, becoming progressively thicker moving eastwards (Fig. 5.24).  
Of the 3 sediment cores in the outer bay, South Sound, two cores (13VC and 14VC), 
contain LF3, LF5 and LF8, while one core (15VC) contains only LF8. It is highly likely that 
this is due to the penetration of the corer. 
LF3, is the oldest facies in the outer bay, South Sound, with dates of 13.1 and 9.9 ka cal 
BP, taken in core 13VC. The foraminifera species abundance, diversity and 
preservation as well as the elemental trends for this unit suggests a shallow, anoxic, 
nutrient rich, middle-low marsh environment, at depths between 39m and 43m, with 
a high terrestrial organic input at the base of the facies. This changes upcore, with 
increased oxygenation and a deepening towards an estuarine environment. This facies 
is found only in the South Sound, in both the mid and outer bay areas. The transition 
between this facies and the overlying LF5 is sharp, with an increase in shell content. 
LF5 is a shell layer, containing both gastropods and intact bivalve shells, which is dated 
in the outer bay, South Sound to 6.4 ka cal BP. As this date is taken mid-facies in core 
13VC, it is likely that this facies covers the same time period, from 7.4 to 4.3 ka cal BP, 
found in other areas of the bay. The upper boundary of this facies with the overlying 
LF8 is sharp, with an obvious decrease in the shell content.   
LF8 is a silt and sand unit that is coarsening upwards and contains abundant shell 
fragments. Bivalve layers are present within this unit, differing from the underlying 
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facies in their smaller size, lack of gastropods and greater abundance of shell 
fragments. The foraminifera species, abundance and preservation as well as the 
elemental data in this facies represents a high energy, well oxygenated, nutrient rich, 
fully marine depositional environment, which is deepening upcore (Fig. 6.1). Like the 
inner and mid- bay areas there are no radiocarbon dates for this facies.  
 
6.4.4 Outer central bay stratigraphy 
The seismic data show the bedrock to be the most extensive unit in this area, while 
the other units are missing from large portions of the central outer bay (Fig. 5.22). A 
combination of topographical relief and current intensity in this area (Fig. 4.3) have 
likely driven both the non-deposition and erosion of the sedimentary units in central 
outer bay (Fig. 5.22). The high bedrock outcrops (less than 20m bsl), would have made 
deposition more unlikely, something which is reinforced by the presence of thick 
sediment patches in areas where the bedrock is not outcropping (Fig. 5.23). 
Furthermore, the increased strength of the currents around the bedrock likely caused 
the erosion of any sediments that were deposited. 
In the 5 cores in the outer central bay, 3 lithofacies are present. LF3 is the oldest 
facies, found only in core (10VC) and, as in the South Sound, represents a very shallow, 
anoxic, low energy, subtidal environment with a significant terrestrial input which 
changes towards a more oxic, nutrient rich, estuarine environment upcore (Fig. 6.1). 
This facies is very thin in the outer central bay, and it is likely that it represents only 
the top of LF3.  
Overlying LF3 in core 10VC, and forming the base of core 06VC, is LF5. It has been 
dated in the outer central bay between 7.4 and 4.4 ka cal BP (Fig. 5.26), covering a 
3000-year period (Fig. 6.1). This suggests that the presence of Turritella is not time 
transgressive. This is a medium energy environment with a low sediment supply that 
was deposited in a temperate, subtidal environment that is deepening upcore and is 
composed of a shell unit, containing both gastropods and bivalves. This is a thick unit 
in the outer central bay, over a metre thick in both cores. As these latter 2 cores are 
only 0.62 and 0.32m long, respectively, it is likely that they merely did not penetrate 
deep enough to reach the other facies.  
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LF 8 overlies LF5 in cores 06VC and 10VC, and forms the base of cores 05VC, 08VC and 
09VC. This open marine facies, dated at 2.2 ka cal BP, near its base in core 10VC, is 
composed of silty sand to coarse sand, suggesting strong currents and a high energy 
environment (Fig. 6.1). This is reinforced by cores 05VC and 08VC, where the coarsest 
sediment is found, and which are located very close to the Aran Islands, known as an 
area with the strongest tidal currents and waves in the bay (Fig. 4.3).  
 
6.4.5 Outer bay- North Sound stratigraphy 
In the South Sound, the bedrock is the most prominent seismic unit in the North 
Sound (Fig. 5.22), where it outcrops extensively along the sides (<20m bsl) leaving a 
deep channel in the middle. Overlying the bedrock in the channel is glacial till, which 
forms a relatively thick unit (4-16m). This suggests that the ice movement through the 
bay was influenced by the underlying topography and deposition was concentrated in 
the depressions. The lack of the glaciofluvial/marine unit 3b in the very outer North 
Sound indicates that erosion was occurring in this area. As these sediments are found 
further inland, this may indicate significant erosion during the sea-level lowstand, ~15 
ka cal BP, when this area would have been coastline, and prone to the full force of the 
Atlantic Ocean. The modern marine sediments in this area are represented by seismic 
unit 3b and are extensive (Fig. 5.22). The preservation of these sediments suggests 
that as sea-level rose, the erosive force of currents and waves was less influential and 
allowed for the deposition and preservation of thick sediment patches, generally 
protected behind bedrock outcrops (Fig. 5.22 & 5.23). Overall, the deposition of the 
till, glaciofluvial and marine sediments have clearly been influenced by the 
topographical relief of the bedrock in this area (Fig. 6.1).  
LF2 is the oldest unit in the North Sound, with dates at 12.6, 11.7 and 8.8 ka cal BP. 
The extensive shell fragments, broken foraminifera tests, range of grain sizes and 
reversed radiocarbon dates are indicative of a shoreface deposit in a high energy 
environment which has experienced reworking. While the chemical analysis shows a 
deepening environment upcore, there are only minor changes in the input of 
terrestrial material and no significant changes in the foraminifera species, in either 
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their diversity, size or level of preservation, or in the grainsize or sorting. This suggests 
that sea-level rise was not rapid during the deposition of this facies.  
Overlying LF2 in core 17VC and forming the base of cores 01GC, 18VC and 22VC, is LF4, 
a silty mud facies low in biogenic content that is coarsening upwards (LF4). This facies 
is dated at the base of core 22VC, 57.3m bsl, to 10 ka cal BP, suggesting it is 
contemporary with LF2. This change in facies in contemporary cores is interpreted to 
represent transgression, as LF4 is generally found further westwards, in deeper water 
(Fig. 6.1).  
The foraminifera content and elemental data in this facies indicate an oxic, low energy, 
enriched, marine environment with a large sediment supply. The changes in the 
chemical data and foraminifera species between LF2, a shoreface deposit, and this 
facies, a fully marine environment, where LF4 overlies LF2, suggests a significant sea-
level rise. This resulted in the opening of the bay and an increase in the circulation of 
water. This change appears to have taken place across the transition between these 
facies. Whilst there is a deepening trend in this facies, there are no major changes 
upcore that would suggest a change in the speed of sea-level rise. Both LF2 and LF 4 
are contemporary with LF3 and suggest very different depositional environments 
between the north and south of the bay. While the difference between LF4 and the 
other 2 is due to differing water depths, the difference between LF2 and LF3, which 
are located at similar water depths (~40m bsl) has been interpreted to represent a 
terrestrial barrier between the North and South Sounds. This barrier would have 
created differing hydrological regimes in the separate inlets, causing different 
depositional environments. However, as lithofacies boundaries are not identifiable in 
the seismic data, this cannot be confirmed.   
Overlying LF2 and LF4 is LF5, a condensed Turritella layer with almost no sediment, 
found in all but one of the cores in the North Sound (21VC). This facies has been dated 
between 7.8 – 6.3 ka cal BP in the North Sound (Fig. 5.24 & 5.26). The abundance of 
intact filter feeding gastropods indicates deposition in a low-medium energy 
environment, with a low sediment supply. The foraminifera and shell species also 
indicate a medium energy environment, with a freshwater source while the elemental 
data shows a gradual change from the underlying LF2, but a drastic change from the 
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underlying LF4. This may be due to the position of these cores in deeper waters, 
further westwards, up to 57m bsl.  
Overlying LF5, is LF8, the most recent facies and the modern-day seafloor. This facies is 
composed of silt and sand with abundant shell fragments and is coarsening upwards. 
The diverse foraminifera species and elemental data show that this is a fully marine, 
oxygenated, nutrient rich environment, with a significant terrestrial input, which is 
deepening upcore. The drastic change in shell content from the Turritella rich LF5, to a 
bivalve fragment dominated LF8, suggests a variation in the sediment supply, possibly 
an increase. This, alongside an increase in energy, as Turritella are filter feeders that 
cannot tolerate suspended sediment in the water column (Fig. 6.1).
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Chapter 7: Discussion 
This chapter brings together all the evidence presented previously in order to 
reconstruct the palaeoenvironmental evolution of Galway Bay since the last glacial 
maximum until present day. Together with previously published literature about the 
area, the seismic, sedimentological, biological and geochemical data are used to 
determine environmental changes in the bay. The radiocarbon results are used to 
constrain the timing of these changes and compare them to known environmental and 
climatic events on a regional and global scale.  
 
7.1 Glacial – Deglaciation period (>24.7 – ~15.5ka calBP) 
This period covers the time from when the ice reached its maximum extent during the 
last glacial period until the end of the deglaciation.  
The data from this study show that the underlying structural geology of Galway Bay 
slopes gradually westward (Fig. 5.24). This profile may have facilitated the offshore 
flow of ice (Fig. 7.1B) which is known to have reached its maximum extent at the shelf 
edge after 24.7 ka cal BP (Fig. 7.1A) (Benetti et al, 2010; Dunlop et al, 2010; Clark et al, 
2012; Ó Cofaigh et al, 2012; Chiverrell et al, 2013; Peters et al, 2015, 2016; Ballantyne 
and Ó Cofaigh, 2017).  
This movement of ice would have had implications for the sedimentary environment in 
Galway Bay, likely removing most of the pre-LGM sediments down to the underlying 
bedrock. This is common in Ireland, with only a handful of pre-LGM deposits found on 
the island (McCabe, 1987; Coxon et al, 2017). Where they occur, these interglacial 
sequences are generally found under till deposits, indicating that the till is later in 
advance (Jenssen et al, 1959; Watts, 1964, 1985; Coxon et al, 1996; Dowling et al, 
1999; Dowling and Coxon, 2001; Coxon and Dowling, 2015). There is no evidence of 
similar sequences in Galway Bay.
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Figure 7.1: (A) BIIS extension off the west coast of Ireland (based on the works of Benetti et al, 2010; 
Dunlop et al, 2010; Ó Cofaigh et al, 2012; Sacchetti et al, 2012; Peters et al, 2015, 2016). (B) Retreat of 
ice through Galway Bay during deglaciation, between 16 – 15 ka cal BP (based on the References found 
in Table 2.1).
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Seismic data suggest that the first sedimentary acoustic unit in Galway Bay (unit 2; Fig. 
5.21) is glacial till, based on the chaotic and contorted internal reflectors and 
diffraction hyperbolae commonly observed in diamicton deposits characteristic of 
glacial till (Jennings et al, 2000; Principato et al, 2005; Evans et al, 2006; Cotterill et al, 
2017; Dove et al, 2017; Roberts et al, 2018). As there are no distinctive boundaries 
within the glacial till sheet, no inferences can be made about sequences of advance 
and/or retreat of the ice sheet within the bay. 
Glacial till is the thickest sub-bottom unit in the seismic sequence in Galway Bay, up to 
16m in the outer bay (Fig. 5.25), compared to the maximum thickness of 12.5m for the 
deglacial unit (3a) and 8.5m for the post-glacial/modern unit (3b). The depocentres of 
the glacial till appear to be in the North Sound and central areas of the outer bay, in 
front of the outcropping bedrock (Fig. 5.25). This suggests that the location of 
deposition was somehow influenced by the bedrock outcrops as the larger build-up of 
sediments is in the low lying areas in front of them. This position in front of the 
outcropping bedrock would also have protected the glacial till from erosion by 
subsequent marine processes as the sea-level in the bay began to rise. 
From terrestrial dates, initial deglaciation is considered to have occurred in western 
Ireland by ~20 ka cal BP (Ballantyne et al, 2008; Bowen et al, 2002; Clark et al, 2009; 
McCabe et al, 1986, 2005), triggered by an increase in solar insulation (Clark et al, 
2009). In the marine sector, meltwater pulse 1A0, at 19 ka BP, and the sea-level rise 
which accompanied it, is considered to have accelerated the rate of ice sheet break 
up, which was already underway (Clark et al, 2012). In Ireland, evidence from Kilkeel in 
the north-east in the form of marine mud found in formerly eroded channels (Clark et 
al, 2004), has indicated that a ~10m rise in sea-level during MWP 1A0 can be 
correlated to sites in Barbados and Australia (Carlson and Clark, 2012), indicating that 
this was a global event. However, MWP 1A0 has been subject to extensive debate, 
particularly in studies from the Irish Sea, were its existence has been disputed 
(McCarroll et al, 2001; Hiemstra et al, 2006). In other areas across the North Atlantic, 
meltwater events have meant the rapid emplacement of laminated, fine, marine 
sediments (Lekens et al, 2005; Tripsanas and Piper, 2008; Lucchi et al, 2015) through 
sea-level rise.  
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During deglaciation, readvances of the ice margin occurred across Ireland, with two of 
the best documented glacial readvances in Ireland during the Clogher Head Stadial 
(18.2 – 17.1 ka cal BP) (McCabe and Haynes, 1996; McCabe et al, 2007; Clark et al, 
2012b) and the Killard Point Stadial (17.1 – 16 ka cal BP) (McCabe et al, 2005; Clark et 
al, 2012b). The Galway Lobe Readvance Moraine, located 130km offshore of Galway 
Bay, formed between 18.4 – 15.85 ka cal BP (Peters et al, 2016), also fits within these 
readvance periods. The Connemara lobe moraine (Fig. 7.1A), located ~25km offshore, 
just north of the Galway lobe moraine (Fig. 7.1A), is age constrained to 15.1 ka cal BP 
(Peters et al, 2016). These offshore features suggest that during these readvances ice 
flowed through Galway Bay.  
In Galway Bay there is only evidence of 1 till sheet, with no stratification and no 
evidence of glaciomarine material between till deposits. While we know there are 
global MWP’s (Fairbanks, 1990; Yokoyama et al, 2000; Deschamps et al, 2012) and 
local readvances (Peters et al, 2016) they do not appear to be resolved in the data 
from Galway Bay. 
The movement of ice through the bay may have resulted in the deformation and 
reworking of previously deposited glacial till, therefore it is not possible to determine 
if the till in Galway Bay was deposited during initial glacial advance or during 
subsequent readvances and retreats. The drumlins along the coastline and in the inner 
bay (Fig. 4.1) have been interpreted to be contemporary with those in Clew Bay, which 
have been dated to ~17 ka cal BP (McCabe and Dardis, 1989; McCabe et al, 1986). This 
corresponds with the Killard Point stadial readvance and the deposition of the Galway 
Lobe re-advance phase (Peters et al, 2016). It is therefore possible that some of the till 
in the bay is of this age. However, as no seismic data were available for the inner bay 
area (Fig. 3.7), it has not been possible to determine if these drumlins correlate with 
the glacial till unit found in the mid and outer bay.  
Many re-advances observed in other ice sheets at this time are believed to be linked to 
Heinrich event 1 (H1) (Heinrich, 1988; Hemming, 2004), which occurred ~17.5 ka BP 
and saw the release of large volumes of meltwater and icebergs into the North Atlantic 
(Bond et al, 1997), causing a cooling phase which delayed deglaciation (McCabe et al, 
1998). To the south of Galway Bay, Lough Inchiquin, in the Burren region, has 
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sedimentation of clay and marl above till at 16.2 ka BP (Diefendorf et al, 2006), 
suggesting deglaciation of the area by this time. This corresponds with terrestrial dates 
along the west coast at Furnace Lough and the Ox Mountains by Clark et al (2009b), 
which returned cosmogenic nuclide dates of 16±0.7 ka, and 16.6±0.8 ka (recalibrated 
by Ballantyne and Ó Cofaigh, 2017) respectively, indicating that the region, was free of 
ice sourced from land by this point. Overall, the west coast of Ireland is considered by 
all studies (Table 2.1) to be completely ice free by 13.7 ka cal BP and total deglaciation 
of Galway bay in this study is confirmed by 13.1 ka cal BP with the deposition of the 
silty sand/sandy silt facies (LF3). It is likely that the bay was totally ice free earlier than 
this as there is non-glacial sediment below the sample where the radiocarbon date 
was taken in this facies (Fig. 5.29). It is entirely possible that Galway Bay was ice free 
during the Rough Island interstadial, by 15 ka cal BP (Knight et al, 2004; Ballantyne and 
Ó Cofaigh, 2017). If this was the case, it would constrain the deposition of glacial till 
from before the main extent of ice at 24.7 ka cal BP, until ~15 ka BP.  
By 15 ka cal BP, relative sea-level in the bay is predicted to have been at its lowest, 
with the base of the deglacial seismic unit (3a) found up to 70m bsl in the outer bay. 
This corresponds with the GIA model-derived RSL predictions, which show RSL 
between 56 and 69m lower than present day (Brooks et al, 2008; Bradley et al, 2011; 
Kuchar et al, 2012) (Fig. 7.10). This lower sea-level would have meant a very different 
coastal landscape, where all but the deepest areas of the North and South Sounds 
would have been terrestrial. This correlates with the channel observed within the 
glacial till unit (Fig. 5.19), which lies at a maximum depth of ~-58m in the North 
Sound. 
As the overlying sedimentary unit shows no evidence of channels, this indicates that 
whatever processes shaped this channel had ceased to influence the bay by the time 
the overlying strata were deposited. The straightness of the channel, which follows the 
Galway Bay Fault, indicates that the underlying geology of the bay likely influenced the 
formation of the channel. The channel was probably partially glaciofluvially cut by 
large inputs of meltwater from the receding glacier to the north east (Fig. 7.1C), during 
deglaciation of the bay, sometime between 16 and 15 ka cal BP. 
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7.2 Deglaciation – Early Holocene period (~15.5 – 11.7 ka cal BP) 
During deglaciation, the climate in Ireland warmed continually. However, the region 
still experienced climatic variability and periods of climate deterioration (Watson et al, 
2010; Molloy and O’Connell, 2014; Woodman, 2015; Barr et al, 2017).  
In Galway Bay, there is a clear transition from a glacial to a temperate marine 
influenced environment during this time (Fig. 7.2C). However, the resolution of the 
data during the early deglacial period (pre-13.1 ka cal BP), which consists only of 
seismic data, means that although sediment deposition and sea-level rise are evident, 
smaller climatic oscillations cannot be detected.  
After deglaciation, Galway Bay underwent a period of rapid sediment deposition, with 
the deglacial unit (3a) up to 12.5m thick (Fig. 5.26). This thick sedimentary unit 
between 18 - 70m bsl was formed by a mixture of glaciofluvial and marine deposition. 
This time-transgressive unit has lenticular reflectors at its base, indicative of 
deposition in a variable energy environment (Catuneaun, 2006). As deposition of the 
deglacial acoustic unit (3a) began as soon as glacial retreat in the bay started, the 
impact of glaciofluvial processes, especially along the aforementioned channel cut into 
the glacial till, were important. This is supported by GIA derived RSL predictions, which 
show that the bay was primarily terrestrial between 16 and 15 ka cal BP (Brooks et al, 
2008; Bradley et al, 2011; Kuchar et al, 2012). The meltwater channels to the north of 
Galway Bay (Fig. 2.4) suggest that the bay may have acted as a drainage area for ice 
present on elevated zones in the Connemara region.  
The thickest areas of the deglacial unit (3a), in the inner bay (Fig. 5.26), suggest that, as 
the ice retreated on land in a northeast direction, there was an ample sediment 
supply. As studies indicate a relatively dry climate in Ireland at this time (O’Connell et 
al, 1999), this suggests that material was delivered into the bay glaciofluvially, possibly 
along the proto-Corrib system in the inner bay (Clarke, 2013). The lack of the deglacial 
unit (3a) in the outer bay area (Fig. 5.24) may indicate that the bay was prone to 
significant erosion from the Atlantic Ocean in the outer Sounds (Fig. 7.2C). As these 
areas were closest to the Atlantic Ocean, without the protection of the Aran Islands, 
they would have been most affected by the impact of currents and waves. It is 
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probable that these processes were actively causing erosion and transport of material 
offshore during the post-glacial period.  
  
 
Figure 7.2: Summary of the post glacial terrestrial environmental conditions in (A) Europe (Booth et al, 
2012a, 2012b; Mortensen et al, 2014; Seddon et al, 2015; Binney et al, 2017) and (B) Ireland (Harrison 
et al, 2010; Watson et al, 2010; Ballantyne and Ó Cofaigh, 2017). (C) Summary of the post glacial 
environment in Galway Bay between 15 and 13 ka cal BP, with the retreating shoreline positions based 
on GIA derived RSL predictions (Brooks et al, 2008; Bradley et al, 2011; Kuchar et al, 2012), data from 
this study (Table 5.3) and references found in Table 2.1. 
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Following deglaciation was the climatic warm period known as the Woodgrange 
interstadial, which occurred in Ireland between 14.7 – 12.9 ka cal BP (Harrison et al, 
2010; Ballantyne and O’Cofaigh, 2017) (Fig. 7.2B). It is possible that the boundary 
between the deglacial (3a) and post-glacial (3b) seismic units represents the transition 
to the Woodgrange interstadial. This boundary is conformable suggesting that the 
change, while clear, is not abrupt. Based on the thickness of these units, up to 12.5m 
and 8.5m for 3a and 3b respectively, (Fig. 5.23) and the period of time they are 
interpreted to have been deposited in, ~1000 years (3a) and ~15,000 years (3b), this 
transition may represent a decrease in the sediment supply signalling the cessation of 
glaciofluvial processes. 
The retreat of the ice meant that the much of the bay was terrestrial immediately 
following deglaciation. The subsequent retreat of ice sheets across the globe (Bassett 
et al, 2005), including the Irish ice sheet (Fig. 7.2A), led to meltwater pulse 1A. This 
was a global sea-level rise, from 14.65 – 14.3 ka cal BP (Fairbanks, 1990; Peltier and 
Fairbanks, 2006; Stanford et al, 2006; Deschamps et al, 2012), which saw an increase 
of between 8.6 – 14.6m in global mean sea-level (Liu et al, 2015), caused by an influx 
of freshwater into the ocean. Wood et al (2017) also noted a prolonged increase in 
δ18O sometime after 16.2 ka cal BP and before 12.8 ka cal BP in their study, ~70km 
south of the Connemara lobe moraine (Fig. 7.1A), suggestive of a cooling phase, 
possibly due to MWP 1A. In Galway Bay MWP 1A appears to have led to a transition 
from terrestrial to marine depositional processes, in previously exposed parts of the 
bay. 
The base of marine sediment core 13VC is >13.1 ka cal BP and the dominant 
foraminifera species, including Quinqueloculina sp., Ammonia beccarii, and Haynesina 
germanica are all characteristic of an estuarine environment with no glacial influence. 
The base of this facies was deposited in the outer bay South Sound, at least 43.3m 
below current sea-level. This means relative sea-level in this area was likely above 
38.3m bsl, allowing for a tidal range of 5m. The lenticular reflectors at the base of the 
deglacial unit (3a) are indicative of a variable energy environment, defined as shallow 
water. The parallel/sub-parallel reflectors at its top are suggestive of a more stable, 
lower energy environment. This indicates that there is a clear change in the 
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depositional environment from the base of this unit to the top. The prograding, 
infilling nature of the channel (Fig. 5.19) in the North Sound, suggests that this change 
is a transition to deeper water. As the deglacial unit (3a) is older than 13.1 ka cal BP, 
this demonstrates sea-level rise of at least 18.7m between glaciofluvial deposition at 
~16 -15 ka cal BP to a more estuarine environment at ~13.1 ka cal BP. This sea-level 
rise occurs within the same timeframe as MWP 1A suggesting that MWP 1A may have 
affected Galway Bay. 
The Nahanagan Stadial (Younger Dryas), a cooler climatic period that occurred 
between 12.9 – 11.7 ka cal BP, was felt across much of Europe (Colhoun and Synge, 
1980; Bowen et al, 2002; Wilson, 2004; Diefendorf et al, 2006; Ballantyne et al, 2008; 
Harrison et al, 2010; Ballantyne and O’Cofaigh, 2017; Wood et al, 2017). This cold 
period caused the development and the readvances of ice masses across Europe (Fig. 
7.3A), including in the mountainous regions in the northeast of Ireland as cirque 
glaciers (Harrison et al, 2010; Bendle and Glasser, 2012; Boston et al, 2015; Renssen et 
al, 2015; Barr et al, 2017) (Fig. 7.3B). 
While there is evidence of the climatic cooling of the Nahanagan Stadial across Ireland 
(Barr et al, 2017; Diefendorf et al, 2006; Anderson et al, 1998) (Fig. 7.3B), the extent of 
marine terminating ice remains less well known. Evidence of the Nahanaghan Stadial 
has been found in deeper water, with IRD layers found well off the Irish coast (Knutz et 
al, 2007; Scourse et al, 2009; Tarlati et al, 2018), however, evidence of IRD is much 
rarer in shallower water. The exception to this is the work by Wood et al (2017), just 
offshore (~75km) of Galway Bay, who identified a cooling phase that coincides with 
the Nahanaghan Stadial. In this phase they identified peaks in the foraminifera species 
Elphidium sp., known to prefer Arctic waters (Jennings et al, 2004) and Nonionellina 
labradorica, a species commonly seen in polar waters and during deglaciation 
(Knudson and Austin, 1996; Cannariato et al, 1999), as well as an increasing trend in 
the δ18O isotope and deposits of IRD. This evidence is suggestive of a significant cold-
water influence and floating icebergs, all pointing toward the presence of a nearby ice 
margin.  
Interestingly, there is no such evidence of this cold period in Galway Bay. The silty 
sand/sand silty unit (LF3) has been dated between 13.1 and 9.9 ka cal BP and the 
Chapter 7                                                                                                                     Discussion 
 
183 
 
gravelly sand and silt unit (LF2) between 12.6 and 11.7 ka cal BP, covering the period 
of the Nahanagan Stadial, in both the South and North Sounds. This study shows a 
constant grainsize in the silty sand/sandy silt unit (LF3). There are larger grains present 
in the gravelly sand and silt unit (LF2), namely the gravel, but these are interpreted to 
have been a high energy beach deposit rather than IRD, due to their rounded nature.  
The foraminifera species in both these facies represent a warm temperate climate, 
and there is no evidence in the seismic or geochemical data that suggests a significant 
or abrupt shift in environmental conditions during this time (Fig 5.1 & 5.2). 
While it is possible that this colder water signature is missing from this study due to 
the low sampling resolution of foraminifera species, it is also possible that this colder 
climate did not register in the shallower waters of Galway Bay because they are 
sheltered from the oceanic currents by the Aran Islands.  
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Figure 7.3: Summary of the Younger Dryas terrestrial environmental conditions in (A) Europe, (B) Ireland 
and (C) Galway Bay, with retreat of shoreline positions between 12.9 – 11.7 ka cal BP, based on GIA-
derived RSL predictions (Brooks et al, 2008; Bradley et al, 2011; Kuchar et al, 2012), data from this study 
(Fig. 5.6 & Table 7.1), and references found in Table 2.1 . ST: Surface Temperature. SST: sea surface 
temperature, based on foraminifera preferences (Appendix 3). 
 
7.3 Early Holocene period – Greenlandian (11.7 – 8.3ka calBP) 
The early Holocene is considered to have begun after the Nahanagan Stadial (Younger 
Dryas) ended around 11.7 ka cal BP and covers a 3,400-year period between 11.7 – 8.3 
ka cal BP (Walker et al, 2018). This period is marked by a warming phase that saw an 
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increase in the spread of vegetation and fauna across Europe (Walker et al, 1994; 
Sommor and Benecke, 2005; Bos et al, 2007) (Fig 7.4A).  
 
Figure 7.4: Summary of the early Holocene environmental conditions in (A) Europe, (B) Ireland and (C) 
Galway Bay, with the retreat of shoreline positions between 11.7 – 8.8 ka cal BP, based on GIA-derived 
RSL predictions (Brooks et al, 2008; Bradley et al, 2011; Kuchar et al, 2012) and data from this study (Fig. 
5.6 & Table 7.1). ST: Surface Temperature. SST: sea surface temperature, based on foraminifera 
preferences (Appendix 3). 
  
Although the early Holocene marks the beginning of the era we are currently in, it is 
not well documented in western Ireland, particularly in the marine records, as 
previous studies have tended to focus on either the glacial, or younger Holocene 
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periods. The main records of this time period in western Ireland include lake studies in 
counties Galway, Mayo and Clare (Schettler et al, 2006; Holmes et al, 2007; McKeown 
et al, 2013; Diefendorf et al, 2006), speleothem studies in county Kerry (McDermott et 
al, 2001) and marine studies, both in and offshore of Galway bay (Novak et al, 2017; 
Wood et al, 2017). Even in these records the entirety of the early Holocene is not 
always covered. However, in this study early Holocene sediments are present in both 
the North and South Sounds in the outer bay, in the gravelly sand and silt (LF2), silty 
sand/sandy silt (LF3) and coarsening upward sand mud (LF4) units (Fig. 5.28). 
A high abundance and diversity of foraminifera species, including Quinqueloculina sp. 
and Miliolinella subrotunda, which are known to be temperate/warm water species 
(Murray, 2003; Horton et al, 1999), is seen in both the silty sandy/sand silt unit (LF3) 
and the gravelly sand and silt facies (LF2). These types of species are consistent with 
RSL rise, whilst the abundance and diversity point to a warming climate at the 
beginning of the Holocene (Fig. 7.4C). While the gravelly sand and silt (LF2) and silty 
sand/sandy silt (LF3) units both indicate sea-level rise, there are no indicators in either 
of the pre-boreal climatic oscillation (PBO), a short lived cooling phase that lasted 
between 150-250 years at 11.4 ka cal BP, causing climate deterioration across Europe 
(Bjorck et al, 1998; Hald and Hagen, 1998; Merkt and Müller, 1999; Litt et al., 2003; 
Bos et al, 2007). This is believed to have been caused by a freshwater influx into the 
oceans, from the drainage of Lake Agassiz (Fisher et al, 2002; Teller et al, 2002) and 
the Baltic Ice Lake (Bjorck et al, 1998; Hasum and Hald, 2002). This suggests that, 
either this climatic cooling affected the bay and the sampling resolution of 
foraminifera was not detailed enough to capture such a short-lived event, or this 
cooling event did not affect Galway Bay. As larger cooling events such as the Younger 
Dryas are also not evident in the bay, the PBO is interpreted to have left no signal in 
Galway Bay. 
Another global event, of which there is no evidence in Galway Bay, is MWP 1B, a 
massive release of freshwater into the oceans from melting ice sheets, causing global 
sea-level rise of up to 14m between 11.45 – 11.1 ka cal BP (Abdul et al, 2016; Edwards 
et al, 1993; Liu and Milliman, 2004). In fact, the bay appears to be experiencing a 
drastic slowing of sea-level rise during this time (See Section 7.6, Fig. 7.8), with the 
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environment represented by the silty sand/sandy silt (LF3) unit, remaining a sub-tidal 
environment over a period of at ~3200 years. Although a deepening trend is evident 
in the Sr/Ba, Ba/Ca and Br/Cl ratios, and in the foraminiferal diversity (Fig. 5.7; 
Appendix 1), the sea-level rise is not significant enough to move this area out of the 
sub-tidal zone. 
This indicates that although global sea-level was still continuing to rise (Smith et al, 
2011), the bay must have experienced isostatic rebound that was matching sea-level 
rise, allowing for a relatively unchanging RSL in Galway Bay. This rebound likely 
maintained separation of the North and South Sounds, rather than opening up the 
bay, as deposition in the North and South Sounds differ, with the gravelly sand and silt 
(LF2) and coarsening upward sandy mud (LF4) units the main deposits in the North and 
silty sand/sandy silt (LF3) unit in the South. This is also supported by the work of Novak 
et al (2017), in water depths of 13.4m, in the inner bay, where the marine foraminifera 
record does not begin until after 10.2 ka cal BP, suggesting that the inner bay area 
likely did not experience a marine intrusion before this time. 
As the foraminifera Quinqueloculina sp. and Miliolinella subrotunda remain evident in 
the gravelly sand and silt (LF2) and Quinqueloculina sp. increases upcore in the silty 
sand/sandy (LF3) unit, the environment in Galway Bay appears to have remained 
temperate throughout the early Holocene (Fig. 7.4C), though this is based on a small 
number of foraminifera samples in these facies. This parallels the Holocene Thermal 
Maximum (HTM) in Ireland, which studies place between 10.8 and 9 ka cal BP 
(Diefendorf et al, 2005,2006; Holmes et al, 2007; Ghilardi and O’Connell, 2013; 
McKeown, 2013). On land, the HTM saw an increase in the spread of vegetation, when 
trees, especially hazel, began to rapidly colonise former grassland areas (Hall, 1997; 
Smith and Goddard, 1991, Mitchell, 2006; Holmes et al, 2007) (Fig 7.4B).  
Furthermore, there is a consistent freshwater input into the bay, evident in 
geochemical peaks and increasing trends in S/Ti, Si/Ti, Ba/Ca and Sr/Ca, as well as the 
presence of molluscs that need a freshwater supply, in the gravelly sand and silt (LF2) 
and silty sand/sandy silt (LF3) units. This provides evidence of not only a warmer, but a 
wetter climate with an increase in fluvial discharge. A similar trend is recorded as a rise 
in lake-level rise on Inis Mór, at the mouth of Galway Bay, which is related to increased 
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precipitation at this time (Holmes et al., 2007). While the climate is wetter than during 
previous time periods, the expansion of mesophilous trees such as oak and elm into 
Ireland (Brewer et al, 2002), indicate moderate precipitation, rather than a 
significantly wetter period.  
The climate remained temperate in Ireland until the end of the Greenlandian period at 
8.3 ka cal BP, evidenced by the spread of pine, elm and oak across the entire island 
(Mitchell, 2006) (Fig. 7.4B). High sedimentation rates in the Corrib estuary and inner 
areas of Galway Bay, between 1 – 2mm/yr from 10,235 to 8000 years BP (Novak, 
2017), support the terrestrial evidence that the areas surrounding the inner bay did 
not have an arid climate. This indicates that, while there was an increase in vegetation 
cover, it was not dense enough to significantly interrupt terrestrial runoff into the bay. 
The lower sedimentation rates in this study, ~0.1mm/yr during the same time period 
of the early Holocene, compared with the inner bay, generally suggest that sediment 
influx to the bay is influenced more by the proximity of rivers, rather than by 
hinterland run off.  
The temperate, moderate climate of the late Greenlandian seen in this study, is 
represented not only in the marine environment, with high diversity and abundances 
of foraminifera species, test preservation and increasing salinity and marine organic 
content in the geochemistry upcore, but in the terrestrial environment (Holmes et al, 
2007) as well (Fig 7.4).  
 
7.4 Mid-Holocene period – Northgrippian (8.3- 4.2ka cal BP) 
The mid-Holocene period began around 8.3 ka cal BP, marked by a deteriorating 
climate and a cooling event, known as the 8.2 ka event, which caused a disturbance in 
the circulation of the Atlantic Ocean, affecting the transfer of heat in the North 
Atlantic region (Matero et al, 2017). The mid-Holocene period lasted 4100 years until 
4.2 ka cal BP and is interpreted to be represented in Galway Bay by post-glacial 
acoustic unit 3b, silty sand/sandy silt (LF3), coarsening upward sandy mud (LF4) and 
shell hash (LF5) (Figs. 5.7 & 5.8, 5.9 & 5.10, 5.11 & 5.12 and Table 5.1 & 5.3). The 
seismic data throughout this period is represented by prograding clinoforms and 
infilling, indicating a constant transgression across the bay (Fig. 5.21). The upper 
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portion of the silty sand/sandy silt (LF3) and coarsening upwards sandy mud (LF4) units 
are considered to represent the time period between ~10 and 7.4 ka cal BP, while the 
shell hash (LF5) unit is dated between 7.4 – 4.1 ka cal BP. In this study changes are 
evident in the geochemistry and physical properties of the cores within this mid-
Holocene time period. 
After 9.9 ka cal BP, the silty sand/sandy silt (LF3) unit shows increased sorting and 
terrestrial input to the bay through low values in gamma density and variability in the 
Si/Ti and Sr/Ca ratios (Fig. 5.6 & 5.7). There is also an increase in foraminiferal 
abundance and diversity in the 3 samples taken in this facies. Around the same time, 
coarsening upwards sandy mud (LF4), deposited elsewhere in the bay also records an 
increase in terrestrial runoff as peaks in gamma density, magnetic susceptibility and 
Sr/Ca ratios and a decrease in Ca/Ti ratios. These fluctuations occurred sometime 
between 10 and 7.4 ka cal BP and may potentially represent a wetter climate with 
increased hinterland runoff, providing a higher nutrient supply to the bay. 
The boundary between the gravelly sand and silt (LF2) and coarsening upward sandy 
mud (LF4) units in core 17VC, which occurred after 8.8 ka cal BP, represents an 
environmental change in the bay. In the coarsening upward, sandy mud (LF4) the 
foraminifera show a transition to much smaller, less abundant and less diverse species 
that are tolerant to more stressful conditions. This has been interpreted to represent 
an increase in fine grained sediments, with sedimentation rates the highest in the bay 
(0.78mm/yr) between 10 and 6.8 ka cal BP. As foraminifera tend to prefer coarser 
sediments, due to better aeration, easier movement and better penetration of food 
supplies (Inabinet and Fish, 1979), this change to a muddy habitat may have adversely 
affected the foraminifera populations.  
The increased variability in the geochemical signature combined with the change in 
sedimentation may represent the transition between the early and mid-Holocene 
periods and increased terrestrial runoff due to a cooler, wetter climate, during the 8.2 
ka event, caused by changes in the atmospheric circulation (Baldini et al, 2010; Holmes 
et al, 2016). While the foraminiferal evidence in these facies does not suggest a major 
drop in water temperatures, the transition to smaller, less abundant and less diverse 
foraminifera species in the coarsening upwards sandy mud (LF4), does suggest a more 
Chapter 7                                                                                                                     Discussionn 
 
190 
 
hostile environment and falls within the timeframe of this event. That said, this change 
could also be linked to variability in local conditions.  
Novak (2017) presents a possible signature of the 8.2 ka event in the inner most core 
in the bay. She found disturbed laminations between 8801-8393 cal BP and 8140-7825 
cal BP as well as geochemical evidence indicating increased terrestrial runoff, but no 
clear change in the microfossil record.  
Overall, we can only determine that there was increased runoff into Galway Bay 
between the end of the late and beginning of the mid-Holocene periods. This 
correlates to the open woodland, dominant in Ireland at the time, which would have 
allowed for higher runoff than full canopy cover woodlands. 
In this study, at ~7.4 ka cal BP, there is a sharp change in lithofacies to a shell hash 
(LF5) from all underlying units (Fig. 5.29 & 5.30). Allowing for the error (+/-0.1) in the 
radiocarbon results, this coincides with MWP 1C, a rapid sea-level rise at ~7.5 ka cal 
BP (Blanchon and Shaw, 1995; Christensen, 1995, 1997; Behre, 2007; Yu et al, 2007). 
The shell hash (LF5) unit, dominated by the gastropod Turritella communis, has been 
dated between 7.4 and 4.1 ka cal BP. This change at 7.4 ka cal BP, corresponded with 
the end of the wetter climate in Europe. However, terrestrial sources in western 
Ireland (Diefendorf et al, 2006) suggest that the wetter climate in Ireland persisted 
until ~7 ka cal BP. If this was the case, then the signature of this prolonged 
precipitation is not seen in the bay. It is possible that the increasing tree populations, 
particularly the spread of alder (Molloy and O’Connell, 2004), reduced the sediment 
erosion in the hinterland surrounding Galway Bay and lowering sediment runoff into 
the bay. The lower sediment influx in Galway Bay is evident, as Turritella communis is a 
filter feeder that cannot survive in environments with a high sediment concentration 
in the water column (Younge, 1946). The presence of this species in such large 
numbers through Galway Bay alone indicates that the water column is relatively clear 
of suspended sediment. 
In Galway Bay, the GIA model-derived RSL predictions (Brooks et al, 2008; Bradley and 
Kuchar et al, 2012) (See Section 7.6; Fig. 7.9) all indicate a slowing of sea-level rise that 
coincides with the deposition of the shell hash (LF5).  
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Figure 7.5: Summary of the mid Holocene environmental conditions in (A) Europe, (B) Ireland and (C) 
Galway Bay, with the retreat of shoreline positions between 7.4 – 5.6 ka cal BP, based on GIA derived 
RSL predictions (Brooks et al, 2008; Bradley et al, 2011; Kuchar et al, 2012), data from this study (Fig. 5.6 
& Table 7.1) and references found in Table 2.1. ST: Surface Temperature. SST: sea surface temperature, 
based on foraminifera preferences (Appendix 3). 
 
The Holocene Thermal Maximum and an enhanced number of dry events were 
occurring across much of central Europe between 7.2 – 5.7 ka BP (Andrews and 
Giraudeau, 2003; Davis et al, 2003; Bjune et al, 2005; Caseldine, 2006; Wanner et al, 
2008, 2011; Stivrins et al, 2017), and while this period does not represent the thermal 
maximum in Ireland, it is known as a period of generally warmer climatic conditions. 
As the Turritella sp. thrived in Galway Bay for over 3000 years, during this time period, 
Chapter 7                                                                                                                     Discussionn 
 
192 
 
it indicates that there was a reduction in suspended sediment and terrestrial runoff, 
likely due to a drier more stable climate (Fig. 7.6). 
Similar shell hash facies, dominated by Turritella communis have been found in cores 
in other bays in Ireland, as well as further afield in Scotland and France. The Turritella 
communis found in Bantry Bay (Plets et al, 2015) and Belfast Lough in Ireland (Plets et 
al, 2019), and in Loch Sunart in Scotland (Baltzer, 2015) generally fall into the same 
timeframe as Galway Bay. This suggests that drier conditions were present not only in 
Galway Bay, but in the south west and north east of Ireland and the north west of 
Scotland. This once again indicates a link between the presence of Turritella and the 
surrounding terrestrial climate.  
Evidence of an abrupt global decrease in solar activity (Finkel and Nishiizumi, 1997; 
Stuiver et al, 1998; Steinhilber et al, 2012), a transition to a colder, wetter climate in 
Europe and South America and to a colder and drier climate in Asia, Africa and North 
America (Valiranta et al, 2003; Heikkika and Seppa, 2003; Mayewski et al, 2004; 
Wanner et al, 2008; Brooks, 2012) are all evident between 6.4 and 5.9 ka cal BP. 
Novak (2017) presents evidence of a hiatus in the inner area of Galway Bay that covers 
all of the mid-Holocene period, beginning at 6 ka cal BP and extending throughout 
most of the late-Holocene period. This hiatus has not been recognised in this study. A 
possible theory for this hiatus, suggested by Novak (2017), includes sediment removal 
due to increased river inflows, which would correspond with a wetter climate. 
The sedimentology and micro and macro-fossil material in the cores from this study, 
show no major changes throughout the shell hash (LF5) unit in the mid and outer bay, 
which represents the time period from 7.4 to 4.1 ka cal BP. The shell hash (LF5) unit 
indicates a temperate environment, with no evidence of a temperature drop, and has 
a higher sedimentation rate than the underlying gravelly sand and silt (LF2) and silty 
sand/ sandy silt (LF3). This links with the work of Wood (2010), who presents a 
relatively stable climatic δ18O record, with no major oscillations from 6 to 5 ka cal BP, 
also suggesting that the climate variations that were occurring across Europe were not 
evident further offshore. While the geochemical records from the shell hash (LF5) unit 
in this study show a variable terrestrial and freshwater input to the bay, suggesting 
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variability in the terrestrial hydrological conditions, there is no evidence that would 
indicate a significantly wetter climate over a prolonged time period.  
However, the single sediment core from the inner bay (01VC), shows a significant peak 
in Ba/Ca between interbedded sandy silt and silty sand (LF6) and silty sand (LF7) (Fig. 
5.15), suggesting a massive influx of freshwater to the inner bay. While this core has 
not been dated, it is interpreted to be older than 4.1 ka cal BP based on the presence 
of the overlying poorly sorted, coarsening upwards silt to coarse sand (LF8), and the 
connection to the freshwater signature to a freshwater signal noted in the diatom 
inferred (DI) salinity just prior to the hiatus at ~6 ka BP in Novak’s (2017) work.  
Also, within the mid-Holocene period is a series of short multi centennial climatic 
deteriorations, between 5.6 and 5 ka cal BP, that are collectively known as the 5.2 ka 
BP event (Magny et al, 2006). A wetter and cooler climate is seen in various Irish bogs 
(Roland et al, 2010), human (O’Connell and Molloy, 2001; Caseldine, 2005; Schettler et 
al, 2006) and speleothem records (McDermott et al, 2001) (Fig. 7.6).  
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Figure 7.6: Summary of the mid Holocene environmental conditions in (A) Europe, (B) Ireland and (C) 
Galway Bay, with the retreat of shoreline positions, between 5.6 – 4.1 ka cal BP, based on GIA derived 
RSL predictions (Brooks et al, 2008; Bradley et al, 2011; Kuchar et al, 2012), data from this study (Fig. 5.6 
& Table 7.1) and references found in Table 2.1. ST: Surface Temperature. SST: sea surface temperature, 
based on foraminifera preferences (Appendix 3). 
 
Once again, although there is variability in the Ba/Ca and Sr/Ca ratios representing the 
terrestrial input to the bay, within this study this variability is not time constrained, 
nor does it show evidence of a significant influx of freshwater or terrestrial material to 
the bay. It is possible that the reduction in Neolithic farming allowed for re-
afforestation (Whitehouse et al, 2014) and that this increase in vegetation cover is the 
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reason for a reduced signal in hinterland runoff into the bay. If there was a climatic 
cold phase during this time, the resolution of the records from Galway Bay, may not be 
high enough for it to be identified.  
The boundary between the Northgrippian and Megahalyan periods is marked by a 
global climatic change that occurred between 4.4 and 3.8 ka cal BP, in what is known 
as the 4.2 ka event (Walker et al, 2012; Walker et al, 2018). This resulted in drier 
conditions at lower altitudes and colder/wetter conditions at higher altitudes (Booth 
et al, 2005; Roland et al, 2014). Studies on raised bog systems in Northern Ireland do 
not show this substantial trend towards wetter conditions which have been observed 
elsewhere (Roland et al, 2014). While a severe climatic shift is not evident, observed 
changes in the North Atlantic Oscillation (NAO) at ~4 ka cal BP (Olsen et al, 2012; 
Faust et al, 2016), may have had a knock on effect on the Atlantic Meridional 
Overturning Circulation (AMOC) and affected the local climatic conditions in Ireland 
through variability in precipitation, and evaporation during the beginning of the late 
Holocene.  
In Galway Bay, the termination of the shell hash (LF5) unit has been dated to 4.1 ka cal 
BP, which falls within this period. An abrupt change is evident between the shell hash 
(LF5) and the overlying poorly sorted, coarsening upwards silt to coarse sand (LF8), 
with a sharp boundary dividing the two, and a complete disappearance of Turritella 
communis in the upper unit. While the geochemical data across all cores, particularly 
Si/Ti, Sr/Ca and Ba/Ca, which are indicators of runoff, do not show any abrupt or 
significant peaks between the shell hash (LF5) and the overlying facies of poorly sorted 
coarsening upwards silt to coarse sand (LF8), there is variability within these ratios. 
This may suggest that smaller local events are affecting changes in sediment delivery 
to the bay, perhaps enabling enough suspended sediment in the bay to disrupt the 
Turritella habitat. Alternatively, this depositional shift may be due to changes in sea-
level rise and circulation patterns within the bay causing an increase in suspended 
sediment in the water column. The change in circulation in the bay is supported by the 
silty sand (LF7) unit in the inner bay. Although LF7 has not been dated, the transition 
between the underlying interbedded sandy silt and silty sand (LF6) and silty sand (LF7) 
is believed to be contemporary with the hiatus in Novak’s (2017) cores at ~6 ka cal BP, 
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based on similar freshwater signals. The high geochemical signal indicative of 
freshwater influx (increasing Ba/Ca) at the base of the silty sand ( LF7) unit, combined 
with the abrupt increase in salinity (decreasing Sr/Ba) at the boundary with the poorly 
sorted, coarsening upwards silt to coarse sand (LF8), suggests a change in the 
circulation and delivery of freshwater to this area. The timing of this change in 
geochemistry and the disappearance of the Turritella sp. coincides with the beginning 
of the Meghalayan period and changing climates across the world (Cullen et al, 2000; 
Bond et al, 2001; Marchant and Hooghiemstra, 2004; Drysdale et al, 2006; Liu and 
Feng, 2012). 
 
7.5 Late Holocene period - Meghalayan (4.2 ka cal BP - Present) 
The beginning of the late-Holocene period is marked globally by the after-effects of 
the 4.2 ka aridification event, which had far reaching climatic consequences and 
caused devastation in civilisations across the world (Weiss et al, 1993; Hassan, 1997; 
Cullen et al, 2000; Staubwasser et al, 2003). This (Meghalayan) period extends from 
after 4.2 ka cal BP until the present day.  
In Galway Bay, the sediment record following 4.1 ka cal BP is suggestive of a warm, 
wet climate with high levels of terrestrial runoff. Biological indicators of this include 
the presence of foraminifera species such as Quinqueloculina spp. and Ammonia spp. 
which are found in temperate waters (Horton et al, 1999; Murray, 1971, 1979) and the 
presence of abundant and diverse mollusc species, indicating a high level of nutrient 
input and productivity. Geochemical environmental indicators in the uppermost 
lithofacies in the cores (poorly sorted, coarsening upwards silt to coarse sand; LF8) 
include increasing Sr/Ca and Fe/Ti content, representing increased freshwater influx to 
the bay. Evidence on farming activity and from pollen, microfossils and speleothem 
records from across Ireland suggests that the conditions at this time in Galway Bay are 
caused by a combination of human impact (farming and land clearance), and a wetter 
climate (Fig. 7.7) (Molloy and O’Connell, 1995, 2004, 2012; Baillie, 1995; McDermott et 
al, 1999; Schettler et al, 2006; Holmes et al, 2007; Overland and O’Connell, 2008; 
O’Connell et al, 2014; Chique et al, 2017). 
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In Galway Bay, the sedimentation rate at the transition from late Northgrippian into 
the early Meghalayan is quite low, with a rate of 0.1mm/yr calculated from core 10VC, 
between 4.4 and 2.2 ka cal BP (Fig. 5.29). While there is a clear peak in the Sr/Ca ratio 
in core 10VC at the boundary between the shell hash (LF5) and the poorly sorted, 
coarsening upwards silt to coarse sand (LF8) units, suggesting a freshwater influx, 
there are no other indicators of substantial terrestrial inputs during this time. This 
suggests that, if the bay received large inputs of terrestrial material, it was either 
deposited further inshore /offshore or has been eroded away.  
Throughout the poorly sorted, coarsening upwards silt to coarse sand (LF8) unit, there 
is no evidence of any abrupt significant changes. Lithological changes such as the 
coarsening upwards nature of this facies are gradual, as are all biological and 
geochemical changes, such as the increased diversity in foraminiferal content and 
clear trend towards a more marine environment with increasing Br/Cl, and Ca/Ti and 
decreasing Ba/Ca ratios. This constant and gradual change is at odds with the 
literature for the late Holocene where cyclicity is clearly obvious, with climatic changes 
every 1000 - 1500 years (Mayewski et al, 1997). Climatic deterioration is recognised at 
4.2 ka, 2.7 ka, 1.4 ka, and at 0.4 ka cal BP across almost all of the northern hemisphere 
and in many parts of the southern hemisphere (Magny, 2004; Parker et al, 2006; 
Roberts et al, 2011; Larsen et al, 2012). These changes must therefore have been 
influenced by global climate drivers. Many studies have recognised that changes in 
solar insolation and ocean circulation are interconnected (Bond et al, 1999, 2001) and 
changes in either of these can result in significant climatic changes (Hurrell et al, 2003; 
Hurrell and Deser, 2010; Franke et al, 2017). In particular, the NAO plays a major part 
in the climate of Ireland due to its proximity to the Atlantic Ocean. Of the major 
climatic ‘events’ however, changes in Galway Bay are only recognised during the 4.2 ka 
event, where there is a clear sedimentological change from shell hash to poorly sorted 
coarsening upwards silt to coarse sand which is interpreted to mark the boundary 
between the Northgrippian and Meghalayan. 
Galway Bay does not show any abrupt significant jumps that would be consistent with 
any major environmental change for the Roman Warm Period (RWP), Dark Ages Cold 
Period (DACP), Medieval Warm Period (MWP) or Little Ice Age (LIA) (See Chapter 2). 
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The lack of any signature of these climatic changes in Galway Bay in either the 
sedimentary or seismic records, even though they are visible in many of the Irish 
climatic proxies and documented historically, may be due to several reasons:  (1) the 
resolution of the record, (2) the sheltered nature of the bay, or (3) erosion/non-
deposition of sediments in the bay.  
Though the sampling resolution of the foraminifera may not be high enough to 
capture major climatic signals, there are no significant changes in the geochemical 
ratios, sedimentology or seismic data, suggesting that if a climatic signature was 
present it should have been captured. The second possibility for lack of a climatic 
signal, is that the Aran Islands acted as a barrier. This would mean that any storm 
events associated with these events, in particular during the latter half of the LIA 
(~300 BP), which is known to have experienced intense storm activity (Dezileau et al, 
2011), were severely reduced in force by the time they reached the bay. This is 
supported by the large boulder deposits along the outside of the Aran Islands, but 
reduced number inside the bay (Scheffers et al, 2010; Erdmann et al, 2015). The final 
reason for the lack of a signal in the record may be the strong currents and circulation 
pattern in areas of the bay, causing the removal of material. While the cores in this 
study show no recognisable hiatus or evidence of extensive erosion in line with these 
climatic events, there is evidence of possible reworking, with a young radiocarbon 
date (0.9 ka cal BP) on the boundary between the shell hash (LF5) and poorly sorted, 
coarsening upwards silt to coarse sand (LF8) units. Cores within Galway Bay, analysed 
by Wood (2010), also show evidence of reworking and erosion. The clear coarsening 
upwards trend in the lithology of poorly sorted, coarsening upwards silt to coarse sand 
(LF8) is gradual, without any abrupt changes visible. This may be the result of 
winnowing of the finer sediments, as modern tidal patterns and circulation in the bay 
is very strong, especially between the Aran Islands (evident in sand dunes/waves and 
ripples) and in the Sounds, particularly the North (See Chapter 4). This is reinforced by 
the high level of shell fragmentation and the out of sequence radiocarbon date, in the 
poorly sorted, coarsening upwards silt to coarse sand (LF8) unit. This may all indicate 
reworking, typical in areas with strong currents.  
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The parallel reflectors in the post-glacial (3b) unit, represent uniform deposition 
(Mitchum et al, 1977), suggesting that there were no major changes in sediment 
delivery to the bay. Although it is not possible to accurately determine the 
sedimentation rate, as there is only 1 radiocarbon date within the poorly sorted, 
coarsening upwards silt to coarse sand (LF8) unit, the post-glacial (3b) unit, which 
covers the entire Holocene, is only 8.5m thick in its entirety. This suggests low 
sedimentation rates, significant erosion, or non-deposition in the bay. All of these 
would make capturing any of the aforementioned Meghalayan climatic events difficult 
due to the short timescales involved. 
The work by Novak (2017) in the inner bay, indicates a hiatus over a large part of the 
mid and late Holocene, however they also show much higher sedimentation rates for 
the early Holocene and modern deposits. These extremely high sedimentation rates in 
the inner bay correspond with the isopach maps from this study, which also show the 
highest accumulation of sediments in the inner bay (Fig. 5.23). Overall, the thickness of 
the post-glacial (3b) unit and poorly sorted, coarsening upwards silt to coarse sand 
(LF8) unit indicates a relatively low sedimentation rate in the mid and outer bay and a 
higher accumulation of sediments in the inner bay. This also corresponds to the 
offshore records, as Wood et al (2017) note a very condensed sediment record for the 
mid-late Holocene. This may indicate changing circulation patterns over time, which 
allowed for the build-up of material in the inner bay during the early and very late 
Holocene, but reduced deposition in the mid and outer bay during the mid-late 
Holocene. In Galway Bay it is likely that the circulation patterns and low deposition of 
sediments in the mid and outer bay combined with the short timescales of major 
climatic events during the Meghalayan have resulted in the lack of a signature of in the 
late Holocene record in this study.  
This research demonstrates evidence of prograding clinoforms, typical of 
transgression, evident in the South Sound in the post-glacial (3b) unit (Fig. 5.23), and 
an increase in the abundance and diversity of marine foraminifera species upcore 
throughout the bay. Increasing trends in the geochemical ratios of Ca/Ti, Br/Cl and 
decreasing trends in the Sr/Ba and Ba/Ca ratios, all of which indicate an increasingly 
open, productive, marine environment, throughout the poorly sorted, coarsening 
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upwards silt to coarse sand (LF8) unit This reinforces previous studies carried out in 
Galway Bay which show that sea-level rise and transgression is continuous throughout 
the late Holocene (Wood, 2010; Novak, 2017). This information correlates with the GIA 
model derived RSL predictions for the bay which also show a continuously rising sea-
level throughout the late-Holocene period (Brooks et al, 2008; Bradley et al, 2011; 
Kuchar et al, 2012) (Fig. 7.9) 
The modern-day Galway Bay is an open water marine environment, with the seafloor 
composed of the coarsest sediments in the cores, with the exception of gravel in the 
gravelly silt and sand (LF2) unit. The pattern of erosional features, which are 
concentrated in the outer central bay (See Chapter 4), and the lithology of the seabed 
surrounding them (Fig. 4.1), indicate that gyres are present in this area. The majority 
of depositional features, however, are found between the Aran Islands, one of the 
strongest areas of water movement (Fig. 4.2), indicating that the tidal currents are the 
main influence on sediment deposition in the bay. The combination of the modern 
lithology, which suggests winnowing, and the location and shape of features in the bay 
indicates that currents are a driving force in the topography of Galway Bay and appear 
to have become stronger over time. 
Chapter 7                                                                                                                     Discussion 
 
201 
 
 
Figure 7.7: Summary of the late Holocene environmental conditions in (A) Europe, (B) Ireland and (C) 
Galway Bay, with shoreline positions based on GIA derived RSL predictions (Brooks et al, 2008; Bradley 
et al, 2011; Kuchar et al, 2012) and data from this study (Fig. 5.6 & Table 7.1). ST: Surface Temperature. 
SST: sea surface temperature, based on foraminifera preferences (Appendix 3).  
 
7.6 Sea-level changes in Galway Bay since the last deglaciation 
Currently there are 3 GIA derived RSL reconstructions available for the region, (Brooks, 
Bradley and Kuchar). These have partly been validated with groundtruth data (Brooks 
et al, 2008; Shennan et al, 2018). They have differing outputs, due to differing 
parameters decided on by the authors. The models of both Brooks and Bradley use an 
ice model with a larger lateral extent, with ice reaching onto the continental shelf, and 
use trimline evidence as a maximum thickness for the ice sheet. On the other hand, 
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Kuchar’s model uses a much less laterally extensive ice model but uses the trimline 
evidence as an indication of minimum rather than maximum ice thickness.  
In order to provide real world observations on the changing sea-level, SLIPs are 
needed. As discussed in Chapter 2, the only available data available to constrain sea-
level in Galway Bay are limiting data, which means that only maximum and minimum 
constraints can be applied, but exact sea-level at a particular time cannot be precisely 
identified. Currently there are 119 sea-level data points in the Irish database, of which 
only 33 are index points and the rest are limiting points (Edwards et al, 2017) (Fig. 1.2). 
Only 22 of the sea-level data points are from Galway Bay and all of them are limiting 
points (Mitchell, 1976; Williams and Doyle, 2014; and O’Connell and Molloy, 2017). In 
Galway Bay specifically, this means that constraints for the sea-level models in the bay 
are based on a very small range of limiting data (Edwards and Craven, 2017). This 
research provides a further 16 marine limiting dates for this area, based on the 
radiocarbon dates and depth of the samples (Table 7.1). To provide the best sea-level 
curve for the bay, all reworked dates have been excluded. A further 2 points (A and B) 
are time constrained based on ice retreat dates from literature on the surrounding 
area, while another point (K) is time constrained based on its position in the sediment 
core between 2 radiocarbon dates taken from a core in the bay (Table 7.1).  
In the following paragraphs the data collected in this study are compared to all 3 
existing sea-level curves for Galway Bay (Fig. 7.7). These data provide key information 
on the sea-level in the bay before 8.8 ka cal BP. This can be used to expand the Irish 
database, as there are no sea-level data for the entire west coast of Ireland between 
13 and 9 ka BP and only secondary limiting data from 19 to 13 ka cal BP. Overall the 
terrestrial and marine evidence in western Ireland suggests that there were 
readvances of the ice sheet in Galway Bay after initial deglaciation at ~20 ka cal BP 
and that the youngest age for glacial till (U2) is constrained to 15 ka cal BP. The 
channel through the North Sound in the glacial till (U2) is interpreted to have been 
glaciofluvially cut during the retreat of ice, as it extends seawards from the Corrib 
River (Fig. 5.22 & 7.1) and is likely part of a palaeo-riverine system identified by Clarke 
(2013). At its deepest terrestrial point, in the outer-most area of the bay, this channel 
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is ~58m in depth, suggesting that sea-level during or immediately after the retreat of 
ice from the bay was ~58m lower than present day.  
 
Table 7.1: Table showing all of the data points used in RSL prediction based on data from this study. OB 
represents outer bay, while MB represents mid bay. All data points except point A are marine. 
Transitional water represents water levels between 8m and 36.45m above the sample.  
Point Depth (m LAT) Area Unit/ 
Facies 
Feature/ Material Date  
(ka cal BP) 
Environment 
A -58 - -53 OB-North Sound U2 Base of Channel 16 – 15 Terrestrial  
B -70 - -57   OB-North Sound U3A Base of unit 16 – 15 Shallow  
C -43 OB-South Sound LF3 Foraminifera 13.1 Sub-tidal 
D -40.4 OB-North Sound LF2 Bivalve 11.7 Beach 
E -42.7 MB-South Sound LF2 Bivalve 11.5 Beach 
F -59.8 OB-North Sound LF4 Foraminifera 10 Transitional 
G -43.4 OB- South Sound LF3 Bivalve 9.9 Sub-tidal 
H -44.4 OB-North Sound LF2 Bivalve 8.8 Beach 
I -37.2 OB-Central Bay LF5 Turritella 7.4 Transitional 
J -39.8 OB-North Sound LF5 Turritella 7.3 Transitional 
K -41.6  OB-North Sound LF5 Oyster - Transitional 
L -57.4 OB-North Sound LF5 Turritella 6.8 Transitional 
M -42.6 OB-South Sound LF5 Turritella 6.4 Transitional 
N -41 OB-North Sound LF5 Turritella 6.2 Transitional 
O -34.2 Mid Bay LF5 Bivalve 5.6 Transitional 
P -36.5 OB-Central Bay LF5 Turritella 4.4 Transitional 
Q -39.3 OB-Central Bay LF5 Bivalve 4.3 Transitional 
R -39.7 MB-South Sound LF5 Turritella 4.1 Transitional 
S -36.3 OB-Central Bay LF8 Bivalve 2.2 Deep 
T - -  Modern SL 0 - 
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Figure 7.8: Graph based on the dates in Table 7.1 acquired from this research, showing sea-level progression in Galway Bay from deglaciation until present day.
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The maximum, present day, tidal range in Galway Bay is up to ~5m and this is the tidal 
range assumed for all data points. This corresponds with the work of Scourse et al 
(2018) who defines the bay as megatidal during early and mid-deglaciation. This 
suggests that sea-level was between 53 and 58m below modern-day levels. This is 
represented as point A (dashed box) (Fig. 7.7), the only terrestrial data on the graph, 
between 16 and 15 ka BP, and the error bar allows for a 5m upper limit, based on the 
tidal range. 
Deglacial sub-unit 3a, represented by point B (dashed box) on the graph, is up to 70m 
lower than present day at its lowest limit on the seismic data (outer North Sound) (Fig. 
5.24 & 5.26). The base of unit 3a is composed of lenticular reflectors, suggesting it was 
deposited in a shallow, variable energy environment (Catuneanu, 2006). Shallow water 
for this study is defined as anything less than 8m in depth. As this unit is a shallow 
water deposit the RSL would have been between -57m and -70m in the western North 
Sound, allowing for the depth of shallow water and the tidal range. Deglacial sub-unit 
3a was interpreted to have been deposited after ice began to retreat from the outer 
North Sound, between 16 and 15 ka BP, though likely nearer to 16 ka BP (Fig. 7.7). 
The oldest date in post-glacial seismic sub-unit 3b is found in silty sand/sandy silt (LF3) 
in the South Sound at 13.1 ka cal BP (core 13VC) (Fig. 5.29) and was deposited in a sub-
tidal, shallow water, estuarine environment at -43m (Fig. 6.1 & 7.2). This indicates that 
sea-level was between 31 and 48m bsl, as indicated by point C on the graph (Fig. 7.7). 
At the beginning of the early Holocene, with a much lower sea-level, the bay would 
have been 2 separate inlets. This is reinforced by the different, contemporary 
lithofacies in the North and South Sounds. Gravelly silt and sand (LF2), a nearshore 
beach deposit, is found primarily in the North Sound, as is coarsening upwards sandy 
mud (LF4), a fully marine, deeper water deposit. The silty sand/sandy silt (LF3), a sub-
tidal deposit, is found only in the South Sound. In order to have a land barrier 
separating the North and South Sound areas of the bay, the sea-level would have been 
at least 35m lower than present day (Fig. 7.4).  
LF2 has 2 dates at 11.7 and 11.5 ka cal BP, points D and E on the graph (Fig. 7.8), 
respectively. Points D and E are both constrained to a lower limit of -5m by the 
maximum tidal range and to an upper limit of 13m by the maximum tidal range and 
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the maximum depth of the surf zone. The surf zone is calculated as approximately the 
same depth as the maximum wave height in the bay, recorded as 8m (Marine 
Institute, 2017, 2018). Point D is located at 40.4m bsl, while point E is located 42.7m 
bsl and although the error bars indicate a possible lower limit, it is much more likely 
that sea-level was located closer to the upper limits due to the presence of marine 
foraminifera such as Textularia sp and Quinqueloculina sp.  
The deepest lithofacies deposit within sub-unit 3b is found in the North Sound in 
coarsening upwards sandy mud (LF4) at 59.8m bsl (at the base of core 22VC) and is 
dated to 10 ka cal BP (Fig. 5.26). This lithofacies is indicative of a marine deposit in a 
transitional water environment and is represented on the graph as point F. 
Transitional water is defined as between shallow and deep. Deep water is calculated 
as the wavelength/2 (The Open University, 1999), using the significant wave period 
average over the past 5 years (Ireland’s Digital Ocean, 2018). In Galway Bay, deep 
water is therefore determined as more than 36.25m, while shallow water is defined as 
less than 8m. It is therefore likely that RSL was between -23m and -52m bsl at 10 ka cal 
BP (Fig. 7.8).   
Points G and H show that this RSL remained below -40m in Galway bay between 9.9 
and 8.8 ka cal BP (Fig. 7.8). Point G is a subtidal deposit, at 43.4m bsl, in the inner 
South Sound, containing the foraminifera species Jadammina macrescens, while point 
H is a nearshore beach deposit that is 44.4m deep (Fig. 7.8). The error bars for these 
points have an upper limit of 13m and a lower limit of 5m, accounting for the surf zone 
and tidal range. With evidence of both marine and estuarine foraminifera such as 
Textularia sp., Quinqueloculina sp. and Planorbulina mediterranensis, it is much more 
likely that the sea level at point H, like point G, is closer to the upper range of the error 
bar.  
Between 8.8 and 7.4 ka cal BP, evidence from this study shows a likely sea-level rise of 
~14.5m in the bay (Fig. 7.8). The presence of LF5, visible across the entire bay from 7.4 
ka cal BP (Fig. 7.5), suggests a changing circulation system with ongoing transgression 
and deepening water, likely due to the opening up of the bay into a single area. This 
increase in sea level matches well with the evidence of Turritella sp. in core 10VC at 
37.2m bsl, represented by point I on the graph (Fig. 7.7). Points J, L, M and N (Fig. 7.9) 
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are also Turritella, at 39.8m (7.3 ka cal BP), 57.4m (6.8 ka cal BP), 42.6m (6.4 ka cal BP) 
and 41m (6.2 ka cal BP), respectively (Table 7.1). The error bar for these points, have 
no upper limit, however it is likely sea-level was at least 8m above this point as 
Turritella sp. are filter feeders that would not thrive in the surf zone. The samples are 
all likely located in transitional water between the shoreline and deep water, based on 
the presence of estuarine foraminifera such as Quinqueloculina spp., and Haynesina 
germanica. This would constrain RSL between 8 and 36.25m above each sample. Point 
J represents an oyster shell, found in core 07VC, in the North Sound, at 41.6m bsl. 
Although the error bar for this point ranges from 41.6 – 21.6m (Fig. 7.7), it is much 
more likely the sea-level was between 7 – 20m above the sample, based on the typical 
habitat in which oysters are found (Todorova et al, 2009). The age of this oyster 
sample must be between 7.4 and 6.2 ka BP based on the oldest age of the lithofacies 
in which it was recovered and the radiocarbon date of 6.2 ka cal BP located above the 
sample. This sample constrains relative sea-level between 7.4 and 6.2 ka cal BP to 
below -21.5m (Fig. 7.9).   
The sea-level in Galway Bay continues to rise throughout the rest of the Holocene. The 
rate of increase is difficult to determine, due to the high error bars on the constraining 
data (Fig. 7.8). The samples taken at 5.6 ka cal BP, 4.4 ka cal BP, 4.3 ka cal BP and 4.1 
ka cal BP, represented on the graph by points O (-34.2), P (-36.5m), Q (-39.3m) and R (-
39.7m) (Fig. 7.7) respectively, are either bivalves or Turritella sp. As the surf zone in 
Galway Bay is 8m deep and since Turritella sp. do not occupy turbid waters, this 
indicates that the likely RSL was between 8 and 36.25m above the samples.  
The sample at 2.2 ka cal BP is located 36.3m bsl, in core 10VC. This sample is 
represented on the graph as point S (Fig. 7.8). Point S is interpreted to have been 
deposited in a deeper inner shelf environment. As deep water is calculated as anything 
more than 36.25m bsl in Galway Bay, it is likely the sea-level when point S was 
deposited was 0.05m bsl (LAT) (Fig. 7.8). The upper constraining limit at this point, like 
all points after 8.8 ka cal BP, with the exception of point K, is the modern day mean 
sea-level. It is very unlikely that the sea level was higher than present day during this 
period, as there is no evidence of raised beaches, in or around the bay, suggesting 
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there was never a recession or sea-level drop after 15 ka cal BP. Point T represents the 
current day sea level at 0m (Fig. 7.8).  
 
7.6.1 Comparison of data points with GIA derived RSL curves for the Bay  
In the GIA derived RSL predictions, the dropping sea-level between 19 and 16 ka BP 
and the lowstand between 16 and 15 ka BP (Fig. 7.9) is contrary to the global sea-level 
rise caused by meltwater pulse 1A0 at 19 ka BP (Clark et al, 2004). This indicates that 
the regional effects of isostatic rebound from the BIIS were significantly more 
influential in Galway Bay than the global trend of sea-level rise, with ice present in the 
bay until 16 - 15 ka BP. From this study it is impossible to determine sea-level position 
before 16 cal ka BP, as the glacial till unit is a reworked chaotic structure whose age 
cannot be defined (Fig. 5. 19) and earlier sediments are not preserved.  
The maximum depth of the sea level models for the bay show a lowstand at 68m bsl in 
Kuchar’s model between 17 and 15 ka cal BP, while the Brooks and Bradley models 
show lowstands at 60m bsl and 56m bsl at 15 ka BP, respectively (Fig. 7.9). This 
indicates that only Brooks and Kuchar’s models have a sea-level depth that would 
allow for glaciofluvial erosion of the North Sound channel. However, if the maximum 
tidal range of 5m is accounted for, Bradleys model would also have been terrestrial at 
58m bsl. Deglacial sub-unit 3a was interpreted to have been deposited after ice began 
to retreat from the outer North Sound, likely nearer to 16 ka BP, and the lowstand in 
the RSL curve from this study is 58m bsl at 16 ka cal BP, fitting best with Brooks model. 
After 15 ka cal BP, all models show a significant sea-level rise until ~13. 5 ka cal BP, of 
~19.5 - 22.5m. This correlates closely with the rapid sea-level rise attributed to 
meltwater pulse 1A between 14.65 and 14.3 ka BP (Fig. 7.8) (Fairbanks, 1990; Peltier 
and Fairbanks, 2006; Stanford et al, 2006; Deschamps et al, 2012). The rapid RSL rise 
has been recorded in the data as a change from the terrestrial extension of a 
glaciofluvially cut channel to a sub-tidal deposit (point A and point C). After 13.5 ka BP, 
all models for Galway Bay show a slowstand (Fig. 7.8), with a sea-level rise of less than 
5m over a 2000-year period (Brooks et al, 2008; Bradley et al; 2011; Kuchar et al, 
2012). However, the models show significantly differing predicted RSL for the bay, with 
Kuchar’s model almost 3m lower than the predicted RSL from this study at 13.1 ka cal 
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BP (Fig.7.8). Both Brooks (2008) and Bradley’s (2011) models show sea-levels higher 
than our reconstructed curve for the bay. Brooks’ model is only 3 m higher, and would 
fall within the intertidal, rather than subtidal range, suggesting it is an unlikely 
representation of RSL at this time. Kucher’s model cannot be an accurate estimate of 
sea-level at this time as the upper tidal range of points C, which is a subtidal deposit, is 
above RSL. The best fit model for the bay at this time is that of Bradley’s model. 
There is no evidence to suggest a sea-level rise affecting the bay between 11.45 and 
11.1 ka BP, an event commonly known as MWP 1B (Bard et al, 2010). Although the 
sea-level rise during MWP 1B is seen in some areas, in particular at Barbados (Abdul et 
al, 2016), many other coral records around the world, particularly the sites in the 
Pacific Ocean, do not show a significant sea-level rise at this time (Edwards et al, 1993; 
Bard et al, 1996; Cabioch et al, 2003; Cutler et al, 2003). This suggests that this sea-
level rise may not be as significant as previously believed, or that local isostatic 
adjustment effects are much more influential in different areas at different times. The 
major differences in the data from this study and the sea-level models for the bay, are 
after 11.5 ka cal BP (points F, G and H) (Fig. 7.9). Following 11.5 ka BP, all GIA derived 
RSL predictions show an abrupt increase in sea-level. Based on points G and H, which 
are beach deposits, this study shows that this sea-level rise was not immediately 
evident in Galway bay (Fig. 7.8). Instead, the slowstand appears to have continued for 
another ~1800 years. This differs significantly from Novak’s (2017) work in the inner 
bay and Corrib estuary, where a possible marine intrusion is first recognised at 10.2 ka 
cal BP, at a depth of 18.4m, when diatoms were found in the sediment core VC003 
east of Barna. In the same core Novak (2017) also identified the foraminifera species 
Jadammina macrescens, distinctive of marsh environments, at 9.8 ka cal BP in 17.9m 
water depth. Point G (Fig. 7.8) is a subtidal deposit, in the inner South Sound, 
containing the foraminifera species Jadammina macrescens at a depth of 43.4m and is 
found ~25km away from the Corrib estuary at 9.9 ka cal BP. Even allowing for 
deposition at the upper limit of the error bar, these deposits do not coincide, unless 
the tidal zone extended this far inland. This suggests that the bathymetry in the bay 
would have had to have been very different in order to have similar deposits so far 
apart. 
Chapter 7                                                                                                                     Discussionn 
 
210 
 
  
Figure 7.9: Graph showing sea-level progression in Galway Bay from this research, alongside all GIA 
derived RSL predictions and other sea-level work carried out in the bay. Significant global sea-level 
events are also included.  
 
However, Novak (2017) also notes that due to the fragmented nature of the shell hash 
and diatoms, these may have come from a fluvial deposit, while she also states that 
both the diatom and foraminifera found in the cores were present only in small 
numbers, with only 10-250 foraminifera specimens per sample until after 9 ka cal BP. 
Wood fragments and organic deposits are also found throughout Novak’s (2017) cores 
until 9 ka BP, suggestive of a more terrestrial environment, or deposition along a river 
floodplain. Combined with the location of the cores, which are positioned in a palaeo-
channel/deltaic environment, it is possible that these marine microfossils were 
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transported inland, along this system, during severe storm events. Storms of such 
magnitude have affected Galway bay and the Aran Islands throughout the Holocene, 
with Erdmann et al (2015, 2017) presenting evidence of storms that have transported 
boulders weighing up to 15 tonnes during a single event in the early Holocene. As the 
gravelly silt and sand (LF2) unit in this study shows extensive breakage in the fossil and 
microfossil evidence and evidence of pebbles and cobbles transported into the 
nearshore areas, it is possible that significant storms events were occurring during this 
time. 
After 9.9 ka cal BP, GIA derived RSL predictions in Galway Bay show a continued RSL 
rise (Fig. 7.8). In this study, the sea level position was found to be much lower than 
represented by in the models for the bay, and than Novak’s (2017) predicted sea-level 
in the inner bay (-13.5m in depth at ~9 ka BP). Brooks’ model shows an RSL at 16m bsl, 
while Kuchars model shows RSL at 19m bsl. There is at least 16.5m of difference 
between Novak’s (2017) sea-level representation and the upper error bay on the curve 
from this study at ~9 ka BP (Fig. 7.8). The predicted RSL from data in this study 
suggests a prolonged slowstand during this period. 
It is possible that the discrepancy between the extended slowstand in Galway bay seen 
in this study and rising GIA derived RSL predictions is due to the parameters used in 
the GIA models. In Kuchar’s model, the ice sheet parameters used are much less 
laterally extensive than recent studies (Benetti et al, 2010; Clark et al, 2012; Praeg et 
al, 2015; Peters et al, 2015, 2016) have shown the BIIS to have been. In both Brooks’ 
and Bradley’s models, the extent of the ice sheet is much closer to current studies, 
with the ice extending on to the continental shelf. However, these models differ from 
Kuchar’s in that they use trim line evidence to constrain ice thickness to a maximum, 
rather than to a minimum, something recent studies have shown to be incorrect 
(Ballantyne, 2010; Ballantyne and Stone, 2015). If all models are failing to incorporate 
both the ice thickness and extent, it is possible that these models are underestimating 
the effect of the ice sheet depressing the land, meaning that the isostatic rebound 
may have been more significant and continued for longer than previously realised, as 
the evidence found in this study suggests.  
Chapter 7                                                                                                                     Discussionn 
 
212 
 
Between 8.8 and 7.4 ka cal BP, evidence from this study shows a predicted RSL rise of 
~14m in the bay (Fig. 7.8), which coincides with the period of MWP 1C (Deschamps, 
2012) and a global sea rise between 8.2 and 7.6 BP (Liu and Milliman, 2004). Although 
sea-level in Galway Bay begins to rise before the occurrence of MWP 1C, it is possible 
its signal is causing a more significant increase. This rise in sea-level in the bay is 
supported by the change in lithofacies across the bay to shell hash (LF5) (Fig. 5.28). 
This led to the opening of the bay into a single area (Fig. 7.5), as opposed to the 2 
separate inlets (Fig. 7.4). Although this study indicates rapidly rising sea-level until 5.6 
ka cal BP, it is still well below the GIA derived RSL predictions and the data presented 
by Novak (2017). After 5.6 ka cal BP, all RSL predictions and sea-level data in the bay 
begin to coincide, with very similar predictions between 5.6 ka cal BP and present-day 
levels (Fig. 7.8). 
Throughout the post-glacial period to the present, the evidence from Galway Bay 
suggests continuous transgression, with the seismic, geochemical, microfossil and 
sedimentary data all supporting sea-level rise across the bay. The geochemical data in 
particular shows an increasing salinity and marine organic and carbonate content. The 
microfossil evidence also shows a clear move away from marsh, brackish and estuarine 
foraminifera towards marine foraminifera upcore throughout the bay, supporting a 
deepening environment. Overall, the evidence from this study fits well with the 
general pattern of transgression in both the GIA derived RSL predictions and previous 
studies in the bay (Wood, 2010; Novak, 2017). However, the evidence found in Galway 
Bay, in particular the absence of meltwater pulse 1B and the slowstand before and 
during the early Holocene suggests that, while global events had an impact on the bay, 
local events also had a significant influence. 
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Chapter 8: Conclusions  
This research has provided information on the dynamic nature of the environmental 
and sea-level conditions in Galway Bay for the period just after the LGM until present 
day. It used a multi-proxy investigation that includes proven techniques, such as 
sedimentological and microfossil analysis. It also used ITRAX analysis, a relatively novel 
approach to shallow water environments, which has proven to be an extremely useful 
tool in environmental reconstructions. The importance of this research is evident 
through the creation of the first geomorphology map of the bay, the first sea-level 
curve constrained by actual evidence from the bay (rather than modelled data) and 
the first environmental reconstruction combining multiple datasets across the entire 
bay. Overall this research contributes significantly to the investigation of the dynamic 
behaviour of shallow water environments on the western Irish coast following 
deglaciation and highlights the interplay between sea-level rise and environmental 
change.  
 
8.1 Main findings 
The analysis of the bathymetric, backscatter, altimetry and hydrological data supplies 
new knowledge on the modern-day coastal and seafloor morphology of Galway Bay. 
Through the creation of a detailed map of the current seabed and connection with 
hydrological models, the following can be concluded:  
• Maerl and Zostera communities are confined between Oranmore and 
Ballyvaughan in the inner bay and Rossaveel and Lettermullan in the outer bay. 
These represent areas of stronger tidal action, where fine particles have been 
removed and turbidity in the water column is lower. 
• The pattern of sediment deposition in the bay, in particular along the northern 
coastline, indicates that sediment deposition is driven by tidal currents moving 
in and out of the bay. 
• Outcropping bedrock is evident across large areas of the bay, including the 
northern shoreline and surrounding the Aran Islands. This bedrock is a major 
driver in the direction of the movement of bottom currents around the central 
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area of the outer bay, where an accelerated, anticlockwise water movement is 
observed. 
• The centre of the bay is relatively free from depositional features, both glacial 
and modern.  Evidence of erosion, such as scour marks, confined to this central 
bay area suggests this is linked to erosional currents.  
 
• Strong currents and wave action have a major influence on the deposition of 
bedforms. This is supported by the presence of ripples and dunes between the 
Sounds, and near Kinvarra in the inner bay, the areas of most intense wave 
action and strongest current circulation. 
 
The analysis of the seismic, sedimentological and geochemical data from sediment 
cores has allowed for the reconstruction of the environmental conditions in the bay 
and surrounding areas since the last deglaciation: 
• During deglaciation and the early Holocene, there is a significant difference in 
the rate of sediment deposition across the bay both spatially and temporally. 
The sedimentation rate in the post glacial and early Holocene is greatly 
reduced compared to during deglaciation, evidenced by the thickness of the 
seismic units. During the early Holocene, lower sedimentation rates are 
observed in the outer bay suggesting that while terrestrial runoff may have 
been high in the inner bay (cf. Novak, 2017), the sediment supply to the mid 
and outer bay was massively reduced. This indicates that the palaeo-Corrib 
river system identified by Clarke (2013) in the inner bay was an important 
delivery mechanism for sediment into and through the bay, before rising sea-
levels drowned it. 
 
• A clear north/south divide is evident in the post glacial and early Holocene 
depositional environments. This is due to the separation of the bay into two 
separate inlets, with a land barrier likely separating the north and south, 
between 13.1 and 8.8 ka cal BP. Between 12.6 and 8.8 ka cal BP, there is a high-
energy, shallow water, gravelly sand beach environment, with low 
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sedimentation rates in the North. This is followed by a time transgressive, low 
energy, muddy, transitional water, fully marine environment, dated to 10 ka cal 
BP, associated with higher sedimentation. In the south, between 13.1 and 9.9 
ka cal BP, a low energy, sand and silt, shallow water, sub-tidal environment, 
with relatively low sedimentation rates dominates. 
• There is no evidence of distinct colder intervals in Galway Bay during the 
globally significant Younger Dryas or 8.2 ka event. This suggests that this 
sheltered coastal location was not as susceptible to the effects of major 
climatic events, compared to terrestrial and deeper water areas in the North 
Atlantic. 
• Opening of the bay at the beginning of the mid-Holocene period and a lowering 
of turbidity levels, due to an increase in vegetation and a decrease in runoff 
from the hinterland areas, led to the deposition of a shell hash dominated by 
the gastropod Turritella sp. across most of Galway Bay over the course of ca. 
3,300 years, between 7.4 and 4.1 ka cal BP. 
• The bay was a fully marine, deep water environment approaching modern day 
conditions, by the beginning of the late Holocene at 4.1 ka cal BP.  
• The increase in sedimentation rates and trends in geochemistry in the bay 
during the late Holocene indicates that a combination of factors, including; 
changes in oceanographic conditions, a wetter climate and an increase in the 
anthropogenic influence in the surrounding areas, likely through deforestation, 
were influential in establishing the environment in Galway Bay. 
 
Additionally, the data obtained from the analysis of the seismic, sedimentological and 
microfossil data also allowed a new RSL reconstruction. This research has shown that: 
• There was a sea-level lowstand in the bay between 16 and 15 ka cal BP, when 
sea-level was up to 70m lower than present day.  
• A sea-level slowstand occurred between 13.1 and 8.8 ka cal BP in the bay. This 
exceeds previous estimates of the length of such slowstand (Brooks et al, 2008; 
Bradley et al, 2011; Kuchar et al, 2012) by over 3000 years and suggests that 
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the regional influences affecting isostatic rebound are significantly more 
influential than previously believed.  
• Evidence of global meltwater pulses 1A and 1C is found in Galway Bay as major 
environmental and coastline changes following such substantial sea-level rises.  
• There is evidence of continuous transgression throughout the entire period 
from deglaciation of the bay to present day, with sea-level in the bay increasing 
by ~70m over 16,000 years and the bay changing from a primarily terrestrial to 
a fully marine environment.  
• This information can help refine the modelled sea-level curves for the bay and 
improve the knowledge of the pre-Holocene sea-level in western Ireland, as no 
data between 13 and 9 ka BP has previously been included in such 
reconstructions. 
This research indicates that Galway Bay is a dynamic region that has evolved from a 
terrestrial environment, during the deglacial lowstand, to 2 separate inlets composed 
of very different shallow environments during the post glacial and early Holocene, to a 
single inlet, estuarine/marine environment in the mid-Holocene, before finally 
transforming into the fully marine, deep water, modern day bay, during the late 
Holocene. This trend of transgression and general encroachment of sea-level into 
coastal areas fits with the global picture of climate and sea-level change. It emphasises 
the importance of palaeoenvironmental research in order to develop management 
strategies for the impact that future environmental change will cause. 
 
8.2 Limitations 
While this research has suibstantially improved our understanding of the bay following 
the last glacial maximum, limitations withing the study are also acknowledged below.  
• The lack of seismic data and sediment cores in the inner bay has left a gap in 
our knowledge of the nearshore processes during the mid and late Holocene 
and how this region has developed into the thriving (protected) benthic habitat 
it has become today. The quality of the available seismic data has also 
prevented a more detailed reconstruction of the processes which shaped the 
bay following deglaciation. 
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• The time constraints of the project have meant that a detailed, high resolution 
microfossil (foraminifera and ostracod) analysis was not viable. Therefore, 
statistical analysis and zonation was not carried out and all microfossil results 
were qualitative and used as additional information to reinforce the 
sedimentary and geochemical evidence.  Although caution was used with the 
results of the microfossil analysis, the low resolution of microfossil sampling 
intervals allows for possible non-representative results which can be 
misleading in interpretating the environmental conditions.  
• All analysis involving MSCL, XRF, grainsize and radiocarbon dating was subjuct 
to both time and financial constraints. This reduced the resolution at which 
these analyses could be carried out and has prohibited a higher resolution 
environmental reconstruction.  
 
8.3 Future Research 
The research carried out in this study has provided an excellent basis for the study of 
environmental reconstructions in a shallow, marine area on the west coast of Ireland. 
Further investigation in both the terrestrial and marine environments could provide a 
more complete picture of the effects of the last glaciation, subsequent deglaciation 
and transition to interglacial conditions throughout the Holocene. Particular areas of 
focus could include: 
 
• Investigation of the glacial till unit in the bay through sediment coring (6m 
corer), in order to constrain the timing of retreats and advances of the BIIS, 
following initial deglaciation, through Galway Bay. 
• A high resolution, foraminifera analysis including counts and statistical analysis, 
in order to better define changing coastline positions and to help identify major 
climatic events, such as those caused by global climatic deterioration. 
• Further investigation into the timing and rate of marine intrusion through 
additional sediment coring and analysis from the mid to the inner bay. 
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• Further coring and analysis of sediment cores along the inner and mid bay 
areas in order to determine the reason for the prolonged hiatus in the inner 
bay, something which is not evident in the outer bay. 
• Repeat high resolution bathymetric surveys in order to determine sediment 
mobility and distribution in the bay, and to track the changing geomorphology 
of the bay over time. 
• Intergration of all data collected in the bay to date. 
 
• Investigation of other shallow water coastal and terrestrial areas along the 
western Irish coastline in order to determine if the signals from Galway Bay 
represent regional or local climatic changes. 
• Creation of a depository for information on Galway Bay. This would allow for 
the synthesis of valuable information on the bay and the collobration between 
environmental, biological and social aspects of research. 
 
Since this research has been completed, the author has become aware of further data 
collection and studies involving microfossil analysis. The combination of all datasets 
from Galway Bay, in particular a wider investigation into the range of sediment cores, 
and the subsequent synthesis of all data would be extremely beneficial to providing a 
continuous, detailed, high resolution picture of the entire bay. Any data that provides 
constraining information on sea-level change should be added to the Irish sea-level 
database so that GIA derived sea-level predictions can be better validated. 
Furthermore, climatic information can be used to validate Irish climate models.  
By combining the information from Galway Bay with similar studies from other areas 
we can add to our overall knowledge of the changing dynamic processes across larger 
regions and the effect this had on the environment. 
As Galway is an important urban coastal area, any climatic or sea-level changes will 
have significant knock on impacts on economic, infrastructural and environmental 
assets. To minimise this, coastal action plans need to be developed. In order to do this, 
a substantial level of information on the environmental history of the region is 
necessary, something that this and subsequent research can provide.   
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Appendices 
 
Appendix 1: Graphs and raw data table showing the physical and geochemical 
properties of all cores not included in the main text of the thesis. 
 
 
 
Figure A.1: A graph of core 01GC showing a core image, a core log and shear strength measurements. 
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. 
Figure A.2: A graph of core 04VC showing a core image, a core log and grainsize measurements. 
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Figure A.3: A graph of core 09VC showing a core log and MSCL measurements. 
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Figure A.4: A graph of core 10VC showing a core image, a core log and MSCL measurements. 
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Figure A.5: A graph of core 12VC showing a core image, a core log and grainsize measurements.
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Figure A.6:  A graph of core 14VC showing a core image, a core log MSCL and shear strength measurements.
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Figure A.7:  A graph of core 17VC showing a core image, a core log and shear strength measurements. 
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Figure A.8:  A graph of core 18VC showing a core image, a core log MSCL and shear strength measurements.
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 Figure A.9: A graph of core 20VC showing a core image, a core log and grainsize measurements. 
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Table A.1: Raw data for MSCL, Shear strength, grainsize measurements (GSA), lithology, colour, sedimentary structures, shell content and radiocarbon dates. 
Facies Core P-Wave 
velocity 
(m/s) 
Bulk 
Density 
(g/cm3) 
Magnetic 
Susceptibility 
(SI*10−8m3/kg) 
Electrical 
Resistivity 
(Ω.m) 
Structures GSA (µm) Lithology  Radiocarbon 
Dates (ka cal 
BP) 
Shear 
Strength 
(kPa) 
Shell Content-
estimated 
range (%) 
Colour 
1 03VC 1650 - 
1730 
1.9 – 2.3 3.6 – 3.7 2.7 - 3.2 Laminations - Mud - 24 - 49 <5 –fragments 
only 
Dark Grey 
2 07VC 1790 - 
1880 
- - 4 – 5.5 - 222 - 231  
Gravel – 
Silty Sand 
- -  
~40 -intact and 
fragmented 
 
Dark Grey – 
Dark 
Greenish 
Grey 
12VC - - - - - 108 - 143 11.5 - 
17VC - - - - - - 8.8  14 - 23 
20VC - - - - - <192 11.7 – 12.6 - 
3 03VC     - -  
 
Fine sand 
- Silt 
- 42  
 
~35 -intact and 
fragmented 
 
 
Dark Grey 
10VC - - - - - - - - 
13VC 1640 - 
1975 
0.8 – 2.25 2.6 – 3.75 2.75 – 3.7 - - 9.9 – 13.1 23 - 42 
14VC 1750 - 
1790 
1.4 – 2.2 4.2 - 5 3.22 – 3.8 - - - 35 - 42 
4 01GC - - - - - -  
 
Fine sand 
- Mud 
- 3 - 11  
 
~5 -intact and 
fragmented 
 
Dark Grey – 
Dark 
17VC - - - - - - - 10 - 17 
18VC 1568 - 
1645 
1.58 – 
2.23 
1 – 4.8 2.6 - 3 - - - 4 - 14 
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22VC 1594 - 
1638 
1.6 - 2.2 2 - 5 2.2 – 3.7 - 40.9 – 
56.2 
10 10 - 25 Greenish 
Grey 
 
5 01GC - - - - - -  
 
 
 
 
 
 
 
 
Shell Hash 
- -  
 
 
 
 
 
 
 
 
>75 -intact 
 
 
 
 
 
 
 
 
 
- 
02VC - 1.68 – 
3.12 
2 - 7 1.3 – 2.25 - 122 - 132 5.6 - 
03VC 1723 - 
1730 
- - 3.25 – 4.38 - - 0.9 – 4.1 - 
06VC 1660 - 
1740 
0.75 – 
2.25 
-1.3 – 0.5 2.55 – 3.15 - 146 - 191 4.3 - 
07VC 1550 - 
1800 
0.6 – 2.3 3.5 - 5 2.5 – 5.5 - 52.8 – 
60.4 
6.2 - 
10VC - 1.1 – 2.2 0.9 – 2.9 3.7 – 4.65 - - 4.4 – 7.4 - 
12VC - - - - - 120 - - 
13VC - 2.2 - 3.25 – 3.75 - - 6.4 - 
14VC 1738 - 
1763 
0.68 – 2.2 3.1 – 4.4 2.9 - 3.2 - - - - 
17VC - - - - - - - - 
18VC 1633 - 
1641 
1.78 – 
2.05 
4 – 7.4 2.58 – 3.65 - - - - 
20VC - - - - - 64.7 - 145 7.3 - 
22VC 1595 - 
1600 
1.85 – 2.1 6 - 10 3.2 – 3.4 - 40.9 6.8 - 
6 01VC - - - - Laminations 54.4 – 
88.8 
Sand - Silt - 13 – 31 ~10 -intact and 
fragmented 
Dark Brown 
– Dark Grey 
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7 01VC - - - - - 176 - 177 Sand - - ~15 –fragments 
only 
Brown 
8 01GC - - - - - -  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coarse 
sand – Silt 
 
 
- -  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
~60 –intact and 
fragmented 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Light 
Yellowish 
Brown - 
Black 
01VC - - - - - 189 - 350 - - 
02VC 1708 - 
1740 
2.65 – 3.3 1.2 - 6 0.7 – 2.25 - 119 - 153 - - 
03VC 1672 - 
1723 
1.8 – 2.2 3.25 – 5.8 2.25 - 3 - - - - 
04VC - - - - - 191 - 374 - - 
05VC - - - - - - - - 
06VC 1725 - 
1780 
0.55 – 2.3 0.9 – 2.8 3 – 3.85 - 194 - 275 - - 
07VC 1690 - 
1710 
0.6 – 2.25 3.8 - 7 2.5 – 13.7 - 116 - 168 - - 
08VC - - - - - - - - 
09VC 1690 - 
1748 
0.55 – 
2.28 
0.5 - 3 2.5 - 19 - - - - 
10VC 1649 - 
1715 
0.55 – 
2.35 
1.3 – 3.7 2.2 – 3.5 - - 2.2 - 
11VC - - - - - - - - 
12VC - - - - - 115 - 158 - - 
13VC 1625 - 
1700 
1.55 – 
2.25 
3.65 – 5.7 2.15 - 3.2 - - - - 
14VC 1700 - 
1734 
0.5 – 2.2 1.5 – 4.4 2.7 - 3 - - - - 
15VC - - - - - - - - 
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16VC - - - - - - - - 
17VC - - - - - - - - 
18VC 1595 - 
1640 
1.62 – 
1.84 
5.5 – 7.7 2.17 – 2.57 - - - - 
20VC - - - - - 82.9 - 187 - - 
21VC - - - - - - - - 
22VC 1595 - 
1617 
0.65 – 1.9 1.7 – 12.2 2.8 – 5.3 - 105 - 129 - - 
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Figure A.10: A graph of core 01GC showing a core log and XRF measurements. 
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Figure A.11: A graph of core 04VC showing a core log and XRF measurements. 
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Figure A.12: A graph of core 10VC showing a core log and XRF measurements. 
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Figure A.13: A graph of core 12VC showing a core log and XRF measurements. 
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Figure A.14: A graph of core 14VC showing a core log and XRF measurements. 
 
Appendices 
 
307 
 
 
 
 
 
 
 
Figure A.15: A graph of core 15VC showing a core log and XRF measurements. 
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Figure A.16: A graph of core 17VC showing a core log and XRF measurements. 
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Figure A.17: A graph of core 18VC showing a core log and XRF measurements. 
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Figure A.18: A graph of core 20VC showing a core log and XRF measurements. 
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Appendix 2: Total foraminifera counts including percentage of broken specimens. 
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LF1 2 03VC 227-228 47 7   1     3 8   13  8     6  
LF2 17 07VC 201-202 274  47 64     13   5  73  62 3    7  
 12 17VC 82-83 134  36 27     2   6  25  31 5    2  
 24 17VC 117-118 207  41 37     6   8  55  52 5    3  
 19 17VC 139-140 252  41 49     12   6  83  52 3    6  
LF3 3 13VC 116-117 421  18  20 10  5 20   2  75   16 18 9 130 98  
 2 13VC 234-235 367  14  15 17  7 15     65    18 18 101 94 3 
 3 14VC 278-279 405  18  7 16      3  78   13  19 145 108  
LF4 2 
01G
C 
99-100 32 5    7    8   7 3    1     
 4 22VC 150-151 57 21    12    13   8 2    1     
 2 22VC 269-270 50 18    8    12   10 1    2     
LF5 6 
01G
C 
30-31 98 3 4  2      3   34    1   51  
 3 07VC 160-161 108 3 6  5   2   1   36    3 1  52  
 9 14VC 110-111 207 6 4  6   6   1 1  79    1 3  106  
 18 14VC 197-198 134 6 5  2   4   4 3  41       59  
LF6 4 01VC 100-101 129          23   12 4   29 24 30 7  
 18 01VC 187-188 202          34   32 6   38 42 44 6  
LF7 9 01VC 60-61 98             19    3 6 37 33  
LF8 15 
01G
C 
1-2cm 302 71 1  1 6 4 1 38   59 6 38      62 5  
 23 01VC 1-2cm 378 106   1  7 3 65   66 9 58    1  61 1  
 12 07VC 78-79 254 47 5  4  12  39   49 10 38    2  48   
 8 14VC 45-46 201 40     3 1 40   37 1 34    1  38 1  
 21 17VC 15-16 102 19   2 1 2  19   21 2 16      20   
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Appendix 3: A reference table for the distribution and habitat preferences of the different foraminifera species found in this study in 
Galway Bay. 
Foraminifera Distribution Reference 
Ammonia beccarii This group is commonly found in estuaries and brackish lagoons. This group is euryhaline and tolerate 
large (0–35‰) diurnal salinity range. Close to its northern limit in Britain and Ireland. 
Murray, 1971; Murray, 1979; Holzmann and 
Pawlowski, 2000; Horton et al, 2006 
Bolivina sp. Resistant to short term anoxia Alve, 1995 
Bulimina 
marginata 
Infaunal, inner-shelf, marine species Murray, 1979; Murray, 2003  
Cibicides 
lobatulus  
 
Marine, inner-shelf species but dead tests are transported into estuary mouths. Species is epifaunal 
clinging to ﬁrm substrates including seaweeds and pebbles. 
Murray, 1979 
Elphidium 
excavatum  
An inner-shelf species that can tolerate brackish conditions. High abundance of Elphidium excavatum is 
often found in areas experiencing high physical disturbance that received high loads of fresh organic 
material. Often used as a proxy for eutrophic conditions. Frequently found living in areas of strong water 
such as tidal ﬂats or channels. 
Murray, 1979; Murray, 1971; Nooijer et al., 
2008 
Fissurina elliptica A euryhaline species that can tolerate a large salinity range (0–35‰). Tends to be abundant in brackish 
environments including estuaries and lagoons. 
Murray, 1979 
Haynesina 
germanica 
Generally found in brackish, intertidal marsh and estuarine waters, although it is Euryhaline and can 
survive in higher salinity environments. 
Murray, 1979; Murray 1991; Holzmann and 
Pawlowski, 2000 
Jadammina 
macrescens 
Found only in marsh environments, in <10m water depth. Horton et al, 2006 
Lagena sp. A marine, shelf genus commonly found in muddy substrates. This species prefers salinities >32ppm. 
Dead tests can be transported and deposited into estuarine muds during storm events. 
Murray, 1979; Jingxing and Luping 2012 
Miliolinella 
subroutunda 
Epifaunal but living within the top 0.5 cm. Lives on sediment and marine plants. Tends to colonise 
estuarine mouths during favourable conditions. At its northern limit in Britain and Ireland. 
Murray, 1971; Murray, 1979; Murray, 2003; 
Naeher et al, 2012  
Nonionella 
turgida 
An infaunal, shelf species that prefers higher chlorophyll concentrations in the water and is intolerant of 
low oxygen environments. 
Murray, 1971; Gustafsson and Nordberg, 2000; 
Murray, 2003; Murray, 2006; Brattstrom et al, 
2015 
Oollina 
williamsoni 
A marine, shelf species commonly found in muddy substrates. Murray, 1971 
Murray, 1979  
Planorbulina 
distoma 
A shallow marine species not tolerant of reduced depth or salinity, but which can be prone to 
transportation. They tend to prefer a rockier substrate. 
Wynn Jones, 2013 
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Planorbulina 
mediterranensis 
Marine, inner-shelf species but dead test can be transported into estuary mouths. Species is epifuanal 
clinging to ﬁrm substrates including seaweeds and pebbles. Generally found at water depth <30m, in the 
photic zone. 
Murray, 1979; Murray, 2006 
Quinqueloculina 
sp 
Estuarine, inner-shelf to marine group, commonly found in temperate to mid-latitude environments. Murray, 1979; Austin and Kroon, 1996; Horton 
et al, 1999; Horton et al, 2006; Naeher et al, 
2012 
Rosalina 
globularis 
Marine, inner-shelf species. Passive grazer when food is abundant but actively forages as resources 
diminish.  
Slither, 1965; Van Hengstum and Scott, 2011 
Rosalina praegeri Species prefer a temperate environment. Austin and Kroon, 1996 
Sahulia conica Commonly found in marine to estuarine conditions. Haunold, 1999; Naeher et al, 2012 
Stainforthia 
fusiformis 
Marine species, generally preferring salinities >28ppm, but commonly transported and deposited in 
estuarine environments. Found in most clastic sediments, in water temperatures between 5-16˚C. 
Known opportunist of organically enriched sediments. 
Murray, 1979; Collison, 1980; Murray, 1986; 
Gustafsson and Nordberg, 2000; Gooday and 
Alve, 2001; Duijnstee et al, 2005 
Spirillina vivipara Epifaunal species, tends to cling to substrates such as pebbles and seaweeds. Marine, inner-shelf species 
but can also be found living in estuary mouths. 
Murray, 1979; Murray, 2003 
Textularia sp. Epifaunal, shelf species and attaches to objects such as shells Murray, 1991; Murray, 2003; Naeher et al, 2012 
 
 
 
 
